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SAMENVATTING 
 
i 
NEDERLANDSTALIGE SAMENVATTING 
Inleiding 
Er is groeiende interesse in het gebruik van hoogwaardige vezelversterkte 
kunststoffen (VVK’en) voor verschillende toepassingen, waarbij het gewicht 
beperkt moet blijven en de sterkte toch voldoende hoog moet zijn. Men moet er zich 
terdege van bewust zijn dat dergelijke materialen een ander mechanisch gedrag 
hebben dan de conventionele isotrope constructiematerialen. Schade (zoals 
matrixscheuren, vezelbreuk en delaminatie) kan al ontstaan na een paar honderd 
belastingscycli. En door het anisotropisch gedrag van VVK’en kan een mechanische 
belasting, die slechts een laag rekniveau veroorzaakt in de vezelrichting, rekken 
veroorzaken loodrecht op de vezel die groot genoeg zijn om schade te berokkenen. 
Hoewel de initiatie van schade niet levensbedreigend is voor vezelversterkte 
materialen, is het nuttig deze regelmatig te inspecteren om de evolutie van de schade 
op te volgen. Standaard inspectiemethodes (zoals visueel onderzoek, ultrasoon 
onderzoek en radiografie) laten niet toe om de constructie op te volgen tussen twee 
inspectie-intervallen. Het continu opvolgen van constructies zou een groot inzicht 
moeten verschaffen in hun structureel gedrag op lange termijn. De terugkoppeling 
van de gemeten krachten, rekken en temperatuur van onderdelen van de constructie 
zou moeten leiden tot belangrijke informatie op het vlak van het ontwerp. Optische 
vezelsensoren zijn uitermate geschikt voor deze taken en hebben een aantal 
(welgekende) voordelen ten opzichte van conventionele sensoren (zoals 
rekstrookjes). Een aantal daarvan zijn hun ongevoeligheid voor elektromagnetische 
straling, hun kleine afmetingen en gewicht, de mogelijkheid tot het plaatsen van 
meerdere sensoren in 1 lijn en hun weerstand tegen corrosie. Het vaakst worden 
deze optische vezelsensoren verlijmd op het oppervlak van de op te volgen 
constructie en meten ze enkel en alleen de rek volgens de langsrichting van de vezel.  
In dit boek worden dubbelbrekende vezels met Bragg-sensoren gebruikt om het 
rekveld in met koolstofvezel versterkte thermohardende kunststoffen in meerdere 
richtingen op te volgen. 
Geavanceerde rekmetingen  
Een Bragg rooster is een verandering van de brekingsindex van de kern van de 
optische vezel volgens een bepaalde periode. Wanneer breedbandig licht in de vezel 
met Bragg-sensor wordt gekoppeld, wordt slechts een deel van dat licht 
teruggekaatst. Het weerkaatste spectrum is gecentreerd rond de Bragg golflengte. 
Figuur 1 toont verschillende types optische vezel waarin een Bragg-sensor kan 
worden geschreven, met hun respectievelijke Bragg spectrum. 
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(A) 
 
(B) 
 
(C) 
Figuur 1: Een typische doorsnede van verschillende optische vezeltechnologieën waarin 
een Bragg-sensor kan geschreven worden (A: niet dubbelbrekende vezel, B: sterk 
dubbelbrekende bow-tie vezel en (C) sterk dubbelbrekende microstructuurvezel) met 
hun Bragg spectrum (onderaan). 
 
Het foto-elastisch effect relateert de rek in een vezel aan de verandering van zijn 
brekingsindex. Dit effect kan gebruikt worden om de wijziging in de Bragg 
golflengtes ten gevolge van een willekeurig rekveld te bepalen: 
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Hierin zijn 1'ε  , 2 'ε  , en 3'ε  de hoofdrekken van de vezel volgens het assenstelsel 
gedefinieerd in Figuur 1, de 3’ richting bevindt zich loodrecht op het blad. Ten 
gevolge van een verschil in brekingsindex zal de golflengteverschuiving anders zijn 
voor het licht dat zich voortplant langsheen de twee hoofdassen (1’ and 2’). Deze 
golflengteverschuivingen worden volledig bepaald door de foto-elastische 
coëfficiënten ( 11p  en 12p ). Om deze coëfficiënten te bepalen, kan men een 
experimentele kalibratie uitvoeren waarbij de optische vezel in transversale richting 
wordt belast. Deze procedure zorgt voor een eenvoudige rektoestand (twee 
transversale rekcomponenten) in de kern van de vezel (Figuur 2). De auteur van dit 
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werk stelt voor om een uni-axiale Bragg-sensor waarvan de kern exact dezelfde 
eigenschappen heeft als van het dubbelbrekend exemplaar transversaal te kalibreren. 
Bij de start van de proef zal slechts 1 Bragg piek zichtbaar zijn (het zwarte spectrum 
in Figuur 3). Een zekere minimale kracht is nodig om genoeg differentiële 
transversale rek te induceren zodat het Bragg spectrum splitst in twee afzonderlijke 
pieken (van het rode naar het groene naar finaal het blauwe spectrum in Figuur 3). 
Vanaf dat moment zijn beide pieken duidelijk zichtbaar en kan een  transversale 
kalibratie uitgevoerd worden. 
 
1. Transverse strain calibration
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Figuur 2: Transversale rekkalibratie met een stempel die twee optische vezels 
gelijktijdig belast. 
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Figuur 3: Spectrum van een diametraal belaste, niet dubbelbrekende vezel met Bragg-
sensor. 
 
Voor de rekoptische coëfficiënten zijn waarden gevonden die vergelijkbaar zijn met 
literatuurgegevens: p11 = 0.111 ± 0.008 en p12 = 0.247±0.017. 
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Multi-axiale reksensor 
Meerassige rekmetingen van een constructie uit VVK onder belasting, zou het 
inzicht en het vertrouwen in het langdurig gebruik van dergelijke materialen sterk 
moeten verbeteren. Sterk dubbelbrekende Bragg-sensoren kunnen hierin een 
belangrijke rol vervullen. Het ontwerpen van een dergelijke sensor moet echter 
voldoen aan een aantal voorwaarden die als volgt kunnen worden opgesomd: een 
hoge gevoeligheid, een voldoend onderscheidend vermogen voor alle 
rekcomponenten, een minimale verstoring van het materiaal, en de sensor moet het 
productieproces van VVK’en en de ruwe en moeilijke omgevingscondities waarin ze 
gebruikt worden, overleven. 
De beschreven multi-axiale sensorconfiguraties zijn stuk voor stuk gebaseerd op 
sterk dubbelbrekende vezels die commercieel beschikbaar zijn. De dubbelbreking 
van Bragg-sensoren in dergelijke vezels zal niet beïnvloed worden door een pure 
axiale rek of temperatuursverandering. Het volledige spectrum verschuift homogeen 
naar hogere of lagere golflengtes. Een verandering in transversale rek leidt wel tot 
een verandering van de dubbelbreking wat zich zal uiten in een wijziging van de 
afstand tussen de twee Bragg pieken (Figuur 4). Al naargelang de richting en de 
oriëntatie van de transversale rek, zal dit leiden tot een toename of afname van de 
tussenafstand. 
 
λ [a.u.]
Po
w
er
 [a
.u
.]
(a) λslow λfast 
λ [a.u.]
Po
w
er
 [a
.u
.]
(b) λfast λslow 
 
Figuur 4: Wijziging van het spectrum van de Bragg-sensor onder invloed van (a) axiale 
rek en/of temperatuur en (b) transversale rek. 
 
Wanneer twee Bragg roosters gecombineerd worden in één en dezelfde sensor, dan 
beschikken we over vier golflengteverschuivingen. Als deze op een voldoend 
verschillende manier reageren op een externe sollicitatie van de constructie (zoals 
axiale en transversale rek), ontstaat een multi-axiale sensor. 
Het verband tussen de golflengteverschuiving ( Bλ∆ ) en de aanwezige rek ( ε∆ ) in 
de kern van de vezel kan als volgt genoteerd worden: 
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Hierin is K gelijk aan: 
11 12 13
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31 32 33
K K K
K K K K
K K K
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De coëfficiënten van de K-matrix zijn afhankelijk van de gebruikte sensor (vezeltype 
en configuratie). De rekcomponenten in de kern van de vezel kunnen berekend 
worden door de K-matrix te inverteren en te vermenigvuldigen met de 
golflengteverschuivingen. 
Om de optimale sensor te definiëren, werden verschillende configuraties onderzocht 
waarbij twee Bragg-sensoren gecombineerd worden tot één enkele sensor. Door één 
van de Bragg-sensoren in het finaal concept te omgeven met een capillair hebben de 
transversale rekken een verschillende invloed op beide sensoren. De eerste is 
blootgesteld aan alle spanningscomponenten terwijl de tweede is afgeschermd van 
de transversale spanningen binnenin het composiet (Figuur 5). Bijgevolg zal de 
axiale rek resolutie gelijk zijn aan deze van een niet ingebedde uni-axiale Bragg-
sensor. De resolutie van de transversale rek kan als zeer goed beschouwd worden in 
het finaal concept (Tabel 1) 
 
Tabel 1: Gevoeligheidsanalyse 
 Fout-
analyse
Standaard 
afwijking 
1'δε   [µε] >6.9 ±4.3 
2'δε  [µε] >6.9 ±4.3 
3'δε  [µε] >0.9 ±0.9 
 
Figuur 5: Het concept waarbij het tweede Bragg rooster is omgeven door een glazen 
capillair. 
 
Een aantal veronderstellingen werden gemaakt en gevalideerd om deze uitstekende 
resolutie te bekomen. De eerste is de volledige afscherming van de transversale 
spanningen voor de Bragg-sensor in het capillair. De tweede aanname is de 
complete overdracht van de longitudinale structurele rek naar de sensor in het 
capillair. 
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Ingebedde Bragg-sensoren 
Het inbedden van een optische vezel in een VVK zou zo eenvoudig mogelijk 
moeten zijn. De volgende zijn hierbij van belang. Een robuuste inleiding van de 
vezel in het composiet moet voorzien worden. De plotse overgang van de behoorlijk 
buigbare vezel in het eerder stijve materiaal is zonder voorzorg een zeer breekbaar 
punt. In dit werk werden Kapton® folie en kleine Teflon buisjes gebruikt ter 
bescherming van de vezel (Figuur 6). De Teflon buisjes laten zelfs toe om de 
uitvloei van overtollig hars te verwijderen. 
 
Figuur 6: Bescherming van de ingang van de optische vezel door middel van een Teflon 
buisje. 
 
Omdat in dit werk gebruik wordt gemaakt van dubbelbrekende vezels, is het 
noodzakelijk om een correcte oriëntatie te garanderen tijdens het inbedden. 
Bijvoorbeeld zal een verkeerde oriëntatie (θ in Figuur 7) leiden tot een aanzienlijke 
fout op de transversale rekcomponenten. 
 
 
Figuur 7: Voorbeeld van twee ingebedde dubbelbrekende vezels met verschillende 
oriëntatie. 
 
Niettegenstaande de afwezigheid van een harsrijke zone rond de ingebedde vezel 
kan deze toch een zekere invloed hebben op de mechanische eigenschappen en 
sterkte van de constructies waarin ze zijn ingebed. In de literatuur en eigen werk 
werd aangetoond dat dit niet het geval is wanneer de vezel parallel met de 
versterkingsvezels wordt ingebed. 
De mechanische eigenschappen van de sensor (glasvezel) en de constructies (VVK) 
zijn erg verschillend, waardoor er een rekoverdrachtsmatrix (TC-matrix) moet 
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berekend worden die het verband tussen de rek in beide materialen beschrijft. Deze 
matrix is afhankelijk van de mechanische eigenschappen van de sensor en de 
constructie waarin ze is ingebed. 
Deze interactie is complex en daardoor niet eenvoudig te beschrijven. In zijn meest 
algemene vorm kan de volgende matrix-vergelijking opgesteld worden: 
1 111 12 16
21 22 262 2
61 62 666 6
c s
c s
c s
TC TC TC
TC TC TC
TC TC TC
ε ε
ε ε
ε ε
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"
"
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Hierin zijn ciε ( 1, , 6i = … ) de rekken van het composiet op de plaats van de sensor in 
de veronderstelling dat er geen sensor aanwezig is. Het rekveld in de kern van de 
optische vezel wordt beschreven door siε ( 1, , 6i = … ). In allebei de gevallen refereert 
het subscript 1, , 6i = …  naar de componenten van de rek in verkorte notatie. 
De beste methode om een dergelijke TC-matrix op te stellen, is gebruik te maken 
van de eindige elementen methode. Omwille van symmetrieredenen wordt slechts 
één achtste van het laminaat gemodelleerd. De afmetingen van het model zijn 
10 mm x 1.2 mm x 10 mm, waarbij het laminaat in totaal uit 24 prepreg lagen 
bestaat (Figuur 8). 
 
Composite laminate
Optical fibre
 
Figuur 8: Eindig elementen model dat gebruikt werd bij het berekenen van de 
rekoverdrachtsmatrix tussen het laminaat en de ingebedde vezel. 
 
Door dit eindig elementen model op verschillende manieren te belasten kan men de 
TC-matrix bepalen. Als de mechanische eigenschappen van sensor en/of constructie 
aangepast worden, kan men de invloed van die eigenschappen op de TC-matrix 
begroten. Volgende eigenschappen werden bestudeerd: de mechanische 
eigenschappen van het composiet, de stapeling van het laminaat, de positie van de 
sensor in een enkelvoudige laag, en de grootte van de sensor en het type sensor. 
De aldus bepaalde TC-matrix voor een uni-axiale Bragg-sensor ingebed in een 
uni-directioneel koolstof epoxy laminaat werd tevens experimenteel gevalideerd. 
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Hiervoor werd een proefopstelling gebruikt die een gekende transversale kracht 
oplegt aan het oppervlak van een composiet plaatje. Een aantal proefstukken (16 
lagen dik) met ingebedde 80µm uni-axiale Bragg-rooster werden getest. De 
proefstukken ondergingen een maximale druk van 92 MPa (Figuur 9). Een 
gesimuleerd experiment (∆εxx, ∆εyy, ∆εzz) werd gebruikt om referentiewaarden van de 
rekken in de dwarse richting te bepalen. De meetresultaten van deze proef komen 
goed overeen met de referentierekken (Figuur 9) en bewijzen de juistheid van de 
berekende TC-matrix voor een ingebedde uni-axiale Bragg-sensor. 
 
 
Figuur 9: De opstelling voor het uitvoeren van een transversale drukproef (links). De 
gemeten en gesimuleerde transversale rek componenten ( ∆εyy and ∆εzz) in het proefstuk 
in functie van hun respectieve referentiewaarden. 
 
De resolutie van de ingebedde vezel is anders dan als deze niet is ingebed, en kan 
beschouwd worden als de mogelijkheid om de verschillende componenten van het 
rekveld van de structuur waarin ze is ingebed te onderscheiden. Door de theoretische 
TC-matrix en K-matrix te combineren, berekent men een resolutie die ~10 maal 
kleiner is dan deze van de niet ingebedde vezel. 
Experimentele validatie van een ingebedde MAxS-sensor 
Een groot aantal proefstukken met ingebedde MAxS-sensor werden getest door het 
opleggen van gekende krachten en dito rekvelden (longitudinale trek, transversale 
druk, vierpuntsbuiging, schuifrek en temperatuurscyclus). De met de MAxS-sensor 
gemeten rekwaarden worden gerelateerd met referentiemetingen op basis van 
extensometer, verplaatsing, kracht, extern verlijmde Bragg-rooster of eindige 
elementen simulaties. Eén van de proeven om de bruikbaarheid van de MAxS-
sensor te bewijzen, wordt hieronder in detail uitgelegd. De werkwijze is geldig voor 
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alle proefstukken. De berekeningsprocedure wordt als volgt samengevat. In 
Figuur 10 wordt de golflengteverschuiving van een ingebedde MAxS-sensor in een 
[0°]48 laminaat onder transversale drukbelasting getoond. De afstand tussen beide 
pieken vergroot het meest voor de eerste Bragg-sensor. De tweede Bragg-sensor, 
omgeven door een capillair, vertoont een kleine negatieve golflengteverschuiving. 
 
10− 5− 0
0.05
0.1
fast-axis
slow-axis
(FBG 1)
Applied stress [MPa]
W
av
el
en
gt
h 
sh
ift
 [n
m
]
10− 5− 0
0.05
0.1
fast-axis
slow-axis
(FBG2, capillary)
Applied stress [MPa]
W
av
el
en
gt
h 
sh
ift
 [n
m
]
 
Figuur 10: De golflengteverschuivingen van de twee Bragg roosters van de MAxS-
sensor. 
 
Door gebruik te maken van de K-matrix en vergelijking 2, kan het rekveld in de kern 
van de optische vezel bepaald worden (Figuur 11). 
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Figuur 11: Het gemeten rekveld in de kern van de ingebedde optische vezel (MAxS-
sensor). 
 
Het rekveld in het composiet wordt gevonden door het rekveld in de kern van de 
optische vezelsensor te vermenigvuldigen met de inverse van de TC-matrix 
(Figuur 12, links). De berekende rekken in het composiet  zijn een stuk groter dan de 
referentiewaarden (tot zelfs een factor 2 verschil voor de rek door-de-dikte). Dit kan 
een gevolg zijn van een onderschatting van de bestaande rekoverdracht. Daarom 
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werd door middel van een uitgebreid proefprogramma de TC-matrix 
geoptimaliseerd. Met deze geoptimaliseerde TC-matrix zijn de gemeten 
rekcomponenten (volle lijn en symbool) in betere overeenstemming met hun 
respectievelijke referentiewaarden (gebroken lijn) (Figuur 12, rechts). 
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Figuur 12: De berekende rekwaarden in een composieten proefstuk door middel van een 
ingebedde vezel, met behulp van de theoretische (links) en experimenteel (rechts) 
bepaalde TC-matrix. 
Mogelijke toepassingen voor een multi-axiale reksensor 
De werking van de multi-axiale reksensor (MAxS-sensor) werd bewezen d.m.v. een 
uitgebreid testprogramma. In deze paragraaf worden een aantal voorbeelden 
gegeven van ‘reële’ toepassingen waarvoor een multi-axiale sensor een meerwaarde 
kan betekenen. 
De eerste toepassing is het opvolgen van residuele rekken tijdens het 
productieproces van VVK elementen. Door het inbedden van de MAxS-sensor in 
een laminaat met een [±452,02,902]s stapeling was het mogelijk om de effecten van 
axiale en transversale rek afzonderlijk in kaart te brengen gedurende het 
productieproces. De temperatuur, overdruk, vacuüm en de golflengteverschuivingen 
(MAxS-sensor) werden gemeten tijdens uitharden (Figuur 13). 
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Figuur 13: Gemeten golflengteverschuiving, overdruk, vacuüm en temperatuur tijdens 
het productieproces van een [±452,02,902]s laminaat. 
 
Het productieproces kan in 5 stappen onderverdeeld worden (aangeduid op 
Figuur 13). In een eerste stap wordt de temperatuur verhoogd tot 120°C. Hierbij 
stijgen de golflengtes lineair met de temperatuur. In de tweede stap wordt de 
temperatuur constant gehouden op 120°C. Hierbij is er een lichte daling van de 
golflengtes zichtbaar door het zetten van de VVK onder invloed van het vacuüm. In 
de derde fase wordt er eerst 7 bar overdruk geplaatst op het proefstuk en bijna 
gelijktijdig stijgt de temperatuur naar 180°C. Opnieuw stijgen de golflengtes lineair 
met de temperatuur. In de vierde fase begint de eigenlijke uitharding. In deze fase is 
er een duidelijk zichtbaar verschil in de golflengteverschuivingen van beide Bragg-
sensoren. In fase 5 wordt de verwarmingsplaat uitgeschakeld en koelt de autoclaaf 
op natuurlijke wijze af. Transversale residuele rekken manifesteren zich in het 
materiaal met een grotere afstand tussen de twee pieken van het spectrum van 
Bragg-rooster 1 tot gevolg. 
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Een tweede toepassing is het opvolgen van een schaalmodel van een 
verbindingsstuk in T-vorm (bvb. ter versteviging van vleugels of romp van een 
vliegtuig) (Figuur 14). Het model werd onderworpen aan een vierpuntsbuiging die 
aantoont (via eindige elementen simulaties) dat er een constant rekveld  ontstaat op 
het plateau van de T-verbinding (Figuur 15). Daarvan werd gebruik gemaakt om de 
Bragg-sensoren te positioneren. 
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Figuur 14: De geometrie van het gefabriceerde schaalmodel. 
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Figuur 15: Eindige elementen analyse van een T-vormig verbindingsstuk belast in 
vierpuntsbuiging. 
 
In plaats van het gebruik van conventionele sterk dubbelbrekende vezels, kan men 
overstappen op microstructuurvezels. Bragg-sensoren in dergelijke vezels beloven 
een interessant alternatief te worden voor het opmeten van transversale rekken 
zonder de nodige temperatuurscompensatie. Die vezeltechnologieën met Bragg 
rooster (uni-axiale Bragg-sensor, bow-tie Bragg-sensor, en microstructuur 
Bragg-sensor, Figuur 1) werden experimenteel vergeleken door ze in te bedden in 
VVK proefstukken. De uni-axiale Bragg-sensor werd in de buigproeven als 
referentiewaarde gebruikt voor de twee andere technologieën. Drie verschillende 
belastingen werden gebruikt om de gevoeligheid van de verschillende sensoren met 
elkaar te vergelijken (een vierpuntsbuiging, een transversale drukproef en een 
temperatuurstest). 
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Figuur 16: Golflengteverschuiving gemeten tijdens een vierpuntsbuiging (links) en 
transversale test (rechts) voor de bow-tie en microstructuur Bragg-sensor. 
 
Een gelijkaardig verloop werd gevonden voor de bow-tie en de microstructuur vezel 
in vierpuntsbuiging, waarbij de bow-tie iets sterker reageert (~8%) (Figuur 16, 
links). Merk op dat de bow-tie en de microstructuurvezel dezelfde oriëntatie hebben. 
Voor de transversale drukproef zien we een soortgelijke curve. De gevoeligheid 
(verbreding van het spectrum) is iets groter voor de bow-tie Bragg-sensor. Beide 
verschillen zouden te wijten kunnen zijn aan de iets grotere diameter van de 
microstructuurvezel. 
Voor de temperatuurtest werden de proefstukken opgewarmd tot 120°C en dan 
langzaam afgekoeld. Tijdens het afkoelen werd de afstand tussen beide pieken 
(volgens de twee polarisatierichtingen van het licht) opgevolgd in functie van de 
temperatuur (Figuur 17). 
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Figuur 17: Verandering van de piek verbreding voor de bow-tie en microstructuur 
Bragg-sensoren in functie van de temperatuur. 
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Een nagenoeg lineair verloop van de afstand tussen beide pieken werd vastgesteld 
voor beide sensoren. Voor de bow-tie Bragg-sensor is die gelijk aan -0.42 pm/°C en 
voor de microstructuur Bragg-sensor is die een stuk kleiner 0.026 pm/°C. Rekening 
houdende met deze resultaten kunnen we stellen dat een quasi onafhankelijke 
transversale rekmeting kan uitgevoerd worden met behulp van ingebedde 
microstructuur Bragg-sensoren. 
Conclusies 
In dit werk werden alle aspecten van het opvolgen van VVK constructies met 
ingebedde sensoren besproken. Hierbij werd de nadruk gelegd op het meten in 
meerdere richtingen en de interactie tussen de sensor en het materiaal waarin het is 
ingebed.
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ENGLISH SUMMARY 
Introduction 
There is growing interest in the use of fibre reinforced plastics (FRPs) as high-grade 
construction material for various applications that need to be lightweight, yet strong 
in sometimes harsh loading conditions. Despite the growing popularity of structural 
composite materials, one has to realize that their mechanical behaviour is 
significantly different compared to conventional isotropic construction materials. 
Another major issue is the appearance and growth of damage (e.g. matrix cracks, 
fibre breakage, delamination, ...), which can already occur after a few hundred 
loading cycles. Due to the anisotropic and inhomogeneous nature of composites, 
mechanical loading that develops even little strain in the main fibre direction, may 
cause strain levels normal to the fibres or at the fibre/resin interface which are 
sufficiently high to cause damage. Although the initiation of damage in composite 
materials is not life-threatening, regular inspection of the damage status and of its 
evolution is necessary. Standard inspection methods (visual surveillance, ultrasonic 
inspection and radiography) do not allow collecting data in between two inspection 
intervals, i.e. they do not provide continuous and on-line information. Strain 
monitoring of an in-service structure should greatly enhance the insight and 
confidence in the (long-term) behaviour of high performance composite structures. 
The feedback from recorded loads, deformations and temperatures of (parts of) 
existing structures in real conditions, can lead to highly valuable information for 
design conditions. Structural health monitoring can already start by mapping 
residual strains during the production process. 
For these applications, optical fibre sensors exhibit a number of well-known 
advantages over conventional electrical sensors including insensitivity to 
electromagnetic interference, small dimensions, light weight, multiplexing 
capabilities and resistance to corrosion. These fibre optic sensors are mostly used as 
surface mounted and single axial strain gauge to measure the in-plane strain of a 
structure’s surface. In this dissertation, embedded highly birefringent optical fibres 
with Bragg gratings are used to reach the goal of multi-axial strain monitoring of 
carbon fibre reinforced thermosetting plastics. 
Advanced strain sensing  
A fibre Bragg grating (FBG) is a periodic refractive index variation in the core of a 
single mode optical fibre. When a broadband light spectrum is coupled into the fibre 
in which a Bragg grating is written, only a narrow part of the spectrum will be back-
reflected. The reflected spectrum is centred on the Bragg-wavelength Bλ . Several 
types of optical fibres in which FBGs can be shot and their resulting spectrum are 
shown in Figure 1. 
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(A) 
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2’ 
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Cladding
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Micro-structure
 
Figure 1: Typical cross sections of different optical fibre technologies (A: low 
birefringent, B: HiBi bow-tie, C HiBi micro-structured) and the spectral response of an 
FBG written in their core. 
 
By using the photo-elastic effect, the spectral response of the fibre Bragg gratings to 
a random strain field can be determined as: 
( )
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1 
Where 1'ε  , 2 'ε  , and 3'ε  are the principal strains of the fibre according to the 
coordinate system in Figure 1. The wavelength shift of light travelling according to 
both (1’ and 2’) axes will differ due to a different change of the refractive index 
induced by the strain field present at the core of the optical fibre. By determining the 
strain optic coefficients ( 11p  and 12p ), the complete strain dependency of a fibre 
Bragg grating is defined (Equation 1). A transverse strain calibration method (Figure 
2) inducing a simple strain state at the core of the fibre has been developed. The 
author suggests to calibrate uni-axial FBGs (shot in a low-birefringent SMF) with 
exactly the same fibre core properties (mechanical and optical) as for the HiBi 
optical fibre. As this is a uni-axial FBG, only one Bragg peak is back-reflected 
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(black spectrum in Figure 3). A certain preload is necessary to induce enough 
differential transverse strain to split up the spectrum (from red to green, and finally 
to the blue spectrum in Figure 3). From this moment on both Bragg peaks become 
distinguishable and the transverse load response can be determined. 
 
1. Transverse strain calibration
FBG 1
FBG 2
Glass plate
Support 
Base plate
A
 
Figure 2: Transverse strain calibration device using a load stamp to simultaneously load 
two fibre Bragg gratings. 
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Figure 3: Spectra of a diametrically loaded uni-axial low birefringent fibre. 
 
Good results were obtained for the coefficients p11 = 0.111 ± 0.008 and 
p12 = 0.247 ± 0.017 if compared to values mentioned in literature. 
Multi-axial strain sensor 
Structural health monitoring necessitates the possibility of measuring multi-axial 
strain fields. High birefringent optical fibres (HiBi-fibres) with Bragg grating can 
become a solution in this matter. Designing a multi-axial strain sensor based on 
optical FBGs should meet several basic requirements which could be summarized 
as: a high sensitivity for all strain components, resolving power which should be 
high enough to enable a distinction between the different strain components, no or 
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limited composite distortion, it should survive the composite manufacturing process, 
and it should be resistant to (harsh) loading conditions. 
The multi-axial sensor configurations described are based on commercially available 
HiBi-fibre . For such FBGs, a change in axial strain or temperature will not affect 
the birefringence of the fibre, but will cause an overall shift of the Bragg spectrum 
towards higher or lower values. A change in transverse strain leads to a change of 
the birefringence of the fibre which results in a change of the peak separation, 
(Figure 4). Depending on the direction of the applied transverse strain with respect 
to the polarization axes of the fibre, the peak wavelength separation will increase or 
decrease. 
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Figure 4: Effect on the spectral response of a HiBi-FBG due to (a) axial stress or 
uniform temperature change and (b) transverse stress. 
 
By adding an extra FBG, 4 different wavelengths are obtained. If the two gratings 
respond differently to external perturbations like axial and transverse strain 
components, one can build a multi-axial strain sensor. The relation between 
wavelength shifts ( Bλ∆ ) and change in strain components ( ε∆ ) can be written in 
the following general form: 
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1,2' 2 '
2,2 ' 3'
B
B
B
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λ ε
λ ε
λ ε
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in which K equals: 
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K K K K
K K K
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     3 
The coefficients Kij depend on the used sensor configuration (fibre type and sensor 
combination). The strain components can be calculated by inverting Equation 2. 
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In order to define the optimal monitoring system, numerical analyses have been 
performed on three different sensor configurations. It was already mentioned that 
both gratings should have a diverse response on external loading. In the designed 
concept this goal is reached by decreasing the sensitivity to transverse stress of the 
second grating. The first grating stays exposed to longitudinal stress as well as 
transverse stress and the second one is shielded from transverse stress by covering 
the second grating with a capillary (Figure 5). The axial strain resolution is in this 
case equal to that of a uni-axial non embedded FBG. The obtained  transverse strain 
resolutions are very good. 
 
 
Figure 5: The capillary configuration consists of one fibre with two FBGs of which one 
grating is isolated from transverse stress through a glass capillary. 
 
Table 1: Sensitivity analysis for the capillary configuration 
Condition number = ~10 
 Error analysis Standard deviation
1'δε   [µε] >6.9 ±4.3 
2'δε  [µε] >6.9 ±4.3 
3'δε  [µε] >0.9 ±0.9 
 
To obtain the resolution of the MAxS-sensor as described in Table 1, some 
assumptions need to be fulfilled. The FBG encapsulated in the capillary should be 
isolated from the transverse stresses existing inside the composite structure and a 
100% longitudinal strain transfer from host structure to fibre core should exist. 
Embedded fibre Bragg gratings 
When embedding an optical fibre in a host material the embedding procedure should 
be as simple as possible. A robust entry point of the optical fibre in a composite 
component is needed for the successful cost-effective development of embedded 
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sensor technology. The sudden transition of the fibre surrounded by the stiff host 
material to the freely bendable fibre gives rise to in- and egress points which are 
prone to breaking. In this dissertation Kapton® foil and a Teflon tubing was used to 
protect the fibre outcome (Figure 6). The Teflon tubing is very flexible, which 
creates the opportunity to gently remove excessive resin flow at the edges of the 
laminate. 
 
Figure 6: Optical fibre protection at the entry point by means of Teflon tubing (right) 
 
Since HiBi-fibres are used, it is necessary to realize the correct orientation of the 
fibre when being embedded in a host material. It is shown that bad orientation of the 
fibre (illustrated by angle  in Figure 7) could lead to big errors in the interpretation 
of measured values of strain. 
 
 
Figure 7: Example of two embedded PM optical fibres, one well-oriented and the other 
 degrees misaligned. 
 
It is well-known that an embedded optical fibre will cause a distortion of the 
material in which it is embedded. Notwithstanding the absence of a resin eye, 
embedded optical fibres can still have an effect on the mechanical behaviour of the 
structure in which they are embedded. Structural properties are, however, not 
affected when the fibre is embedded parallel to the reinforcement fibres. 
In this work the embedded sensor is an optical fibre sensor and the host structure is a 
carbon fibre reinforced epoxy which has different material properties. As such, a 
strain transfer coefficient matrix (TC-matrix) needs to be defined which relates the 
strain of the sensor to the strain inside the structure as if no sensor would be present. 
SUMMARY 
 
xxi 
This TC-matrix depends on the elastic properties of the sensor as well as on those of 
the host material. 
Due to the complex interaction between the host material and the embedded optical 
fibre sensors, the relationship between the strain present in the core of the sensor and 
in the host material is difficult to predict and can in general form be written as: 
1 111 12 16
21 22 262 2
61 62 666 6
c s
c s
c s
TC TC TC
TC TC TC
TC TC TC
ε ε
ε ε
ε ε
⎡ ⎤ ⎡ ⎤⎡ ⎤⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥=⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦
"
"
# # % ## #
"
   4 
In which ciε ( 1, , 6i = … ) is the strain of the composite material as if no optical fibre 
sensor was present, siε ( 1, , 6i = … ) is the strain field present at the core of the optical 
fibre sensor. In both cases the subscript 1, , 6i = …  refers to the components of strains 
in contracted notation. 
The relationship of the strain field at the core of an optical fibre with the one present 
in the composite material, has been defined by finite element simulations. Because 
of symmetry reasons only 1/8 of an embedded fibre was modeled (Figure 8). The 
composite model is 10 mm x 1.2 mm x 10 mm for a 24 layer laminate. 
 
Composite laminate
Optical fibre
 
Figure 8: Finite element model used for simulation of the strain transfer between 
embedded optical fibre and CFRP laminate. 
 
Using this finite element model one can, by changing several properties of sensor 
and/or host, examine their effect on the TC-matrix. The following parameters were 
considered: the mechanical properties of the host material, the lay-up of the 
composite laminate, the position of the sensor inside a certain layer of the host 
material and the properties of the sensor. 
To validate the numerically determined TC-matrices a testing procedure was 
developed to introduce a well-defined homogeneous strain field inside a host 
material. Several 1.54 mm thick carbon fibre reinforced epoxy laminates were 
produced with at their mid-thickness an embedded 80 µm uni-axial FBG. Two metal 
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blocks (20 x 40 x 20 mm) were glued to the surfaces using a thin epoxy layer with a 
uniform thickness. The samples were loaded in the z-direction up to a maximum 
pressure of 92 MPa (Figure 9). The simulated (FEM) transverse strain 
(through-the-thickness) was used as reference strain measurement. In Figure 9 the 
three principal measured strains (∆εxx, ∆εyy, ∆εzz) of the laminate are plotted against 
the reference strain (∆εzz_ref). The measured compressive strains correspond well 
with the reference through-the–thickness strain. 
 
 
Figure 9: Picture of the test-set-up for transverse compression loading (left). The 
measured principal strain components (∆εxx, ∆εyy and ∆εzz) in the composite laminate as 
a function of the simulated (FEM) reference strain ∆εzz_ref (right). 
 
Based on these results, one can state that a valid TC-matrix was obtained for a uni-
axial FBG using the numerical calibration procedure. 
The resolving power of an embedded sensor can be defined as the ability of this 
sensor to distinguish 3D-strain components of the material in which it is embedded. 
Using the simulated TC-matrix and the calibrated K-matrix one can determine that 
that the theoretical resolving power of the MAxS-sensor becomes ~10 times lower 
than the resolution of the non-embedded sensor. 
Experimental validation of an embedded MAxS-sensor 
Many CFRP-samples with embedded sensors were manufactured and tested under 
controlled loading conditions (tensile testing, transverse compression testing, four 
point bending testing, shear tensile testing, and thermal load testing). A selection of 
these tests were used to optimize the TC-matrix and thus prove the working 
principle of the MAxS-sensor. The measured strain values were compared with 
SUMMARY 
 
xxiii 
reference measurements like extensometer, displacement, load, or surface attached 
FBG together with finite element simulations. 
The strain calculation procedure is summarized in the following. In Figure 10 the 
response of a MAxS-sensor embedded in a laminate with a unidirectional lay-up 
([0°]48) is given. A high Bragg peak separation can be observed for FBG 1 while 
very small wavelength shifts and no Bragg peak separation can be observed for the 
encapsulated FBG. 
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Figure 10: The MAxS-sensor’s response under transverse compression. 
 
Using the K-matrix one can calculate the strain field at the core of the optical fibre 
sensor from the measured wavelength shifts (Figure 11). 
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Figure 11: The measured strain at the core of the embedded MAxS-sensor during a 
transverse compression test 
 
Using the transfer matrix, which is dependent on the mechanical properties of the 
sensor and the host material, one can calculate the strain field present in the host 
material (Figure 12, left). 
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Based on a comparison with reference strains, it can be concluded that the calculated 
strains are overestimated. This could be caused by an underestimation of the strain 
that is transferred from the host material to the core of the optical fibre. Therefore, 
several experimental results are combined to optimize the TC-matrix. 
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Figure 12: The calculated strain inside the host material during a transverse 
compressive test. On the left using the calculated TC-matrix, on the right, using the 
optimized TC-matrix. 
 
By using the optimized TC-matrix, one can, once more, calculate the strain field 
present in the host material (Figure 12, right). The transverse strain components 
measured by the MAxS-sensor (full line with symbol) are compared with the 
reference strains (dashed lines) calculated using a finite element simulation. 
Perspectives in multi-axial strain monitoring 
The feasibility of the MAxS-sensor was studied by conducting tests on coupon level. 
In this paragraph some perspectives are given to use this sensor in “real-life” 
applications. 
 
The first is following up the existence of residual strains in composite laminates 
and structures. By embedding the MAxS-sensor in a composite laminate 
[±452,02,902]s (fabricated using the autoclave technique) it was possible to visualize 
the separate effects of axial strain and transverse strain components during the 
curing process. Temperature, pressure, vacuum, and wavelength shifts were 
measured in function of time (Figure 13). The cure cycle can be divided into five 
phases which is clearly indicated at the bottom of the figure. At first, the temperature 
is raised until it reaches 120°C (wavelengths change linearly with temperature). The 
second phase is the isothermal dwell phase (at 120°C), during which the 
wavelengths slightly decrease which corresponds to the settlement of the material 
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due to the vacuum.In the third phase, pressure is put on top of the sample which 
leads to a small drop of the wavelengths. In addition, temperature is raised up to 
180°C (cure temperature). Again all wavelengths are equally raised as function of 
temperature. At that point we enter the fourth phase in which the epoxy curing starts. 
In this phase, a different wavelength behaviour is noticed for both FBGs. The fifth 
phase starts when the heating is stopped and the inside of the autoclave can cool 
down under atmospheric conditions. The residual strains appear in a peak separation 
of the spectrum of FBG 1. 
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Figure 13: The measured temperature, pressure, vacuum, and Bragg wavelengths 
during the cure cycle of a [±452,02,902]s laminate [15]. 
 
A second perspective is the monitoring of a scale model of a T-joint structural 
element (Figure 14). The scale model of the T-joint structure was first exposed to a 
four point bending experiment. As was shown in the FE- simulations (Figure 15), 
this experiment creates a constant strain field in the plateau of the structure. This 
property was used in determining the position of the different gratings. 
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Figure 14: The geometry of the fabricated scale model of a T-joint structure 
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Figure 15: Finite element analysis of four point bending loading of a T-joint with 
indication of the principal strains  
 
Instead of using the conventional HiBi-fibre to measure the transverse strain 
components, one can switch to micro-structured fibre. FBGs written in such a 
fibre hold a promising solution for transverse strain measurements without the 
necessary temperature compensations. Three FBG technologies with grating 
(conventional single mode FBG, bow-tie FBG, and micro-structured FBG, Figure 1) 
are experimentally compared by embedding them in composite test samples. The 
grating in the conventional single-mode fibre is used as reference sensor. The Bragg 
gratings have been embedded between the 2nd and the 3rd layer of a lay-up of 16 
uni-directional prepreg layers (carbon/epoxy) with a total thickness of 1.54 mm. The 
slow axes of the micro-structured and bow-tie fibres were both oriented parallel to 
the surface of the composite panel. The actual orientation of the polarization axes 
has been checked afterwards in cross sections of the composite coupon. 
Three different loading conditions were used to compare the response of the 
different sensors: a four point bending test, a transverse load test, and a thermal test. 
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Figure 16: Wavelength shifts measured during the four point bending test (left) and the 
compression test (right) for the different embedded FBGs. 
 
For the four point bending experiment, the curves show almost similar slopes for 
both sensors (Figure 16, left). 
For the transverse compression experiment, the strain response of the two grating 
types shows moderate differences (Figure 16, right). The transverse sensitivities of 
the FBG in the bow-tie fibre are slightly higher. This difference can be partly 
attributed to the smaller cladding diameter of the bow-tie fibre.  
For the thermal cycling, the composite samples were heated up to 120 °C and were 
then allowed to cool down slowly in a climate chamber. During the cooling phase 
the peak wavelength separation was monitored. Figure 17 shows that the linear 
change of the peak separation due to temperature is much smaller in the micro-
structured fibre (0.026 pm/°C) than in the bow-tie fibre (-0.42 pm/°C). We can state 
that the Bragg peak separation in a highly birefringent micro-structured fibre 
provides a quasi temperature independent measurement for the transverse strain in 
the composite material. 
 
110 95 80 65 50 35
0
10
20
30
40  MOF
 Bow-tie
C
ha
ng
e 
of
 B
ra
gg
 
pe
ak
 s
ep
ar
at
io
n 
[p
m
]
Temperature [°C]  
Figure 17: Change of the peak separation in the FBG in the MSF and bow-tie during 
cooling down phase (sample 1). 
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The results show that FBGs in MSF can be an alternative to FBGs in conventional 
birefringent fibres.  
Conclusions 
In this work all aspects of embedding optical fibre Bragg gratings were considered 
starting with the multi-axial strain calibration of these sensors and ending with the 
transfer of a strain field in a composite material onto the core of the optical fibre 
sensor. An extensive test program has proven the feasibility of a multi-axial strain 
sensor consisting of two Bragg-sensors. 
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Chapter 1 : INTRODUCTION 
1. 1.  PROBLEM STATEMENT  
There is growing interest in the use of fibre reinforced plastics (FRPs) as high-grade 
construction material for various applications that need to be lightweight, yet strong 
in sometimes harsh loading conditions. Aerospace tails, wings, fuselages, and 
propellers can be made out of composite material. Figure 1-1 gives a historical 
overview of the used percentage of FRPs in civil aircrafts [1]. As much as 50% of 
the primary structure of the Boeing 787 Dreamliner - including fuselage and wings - 
is made of composite materials (Figure 1-2) [2]. Other examples are the A380 and 
the A350 of Airbus. Each Airbus A380 contains 20% composite materials and at the 
moment, the wings of the A350 will solely consist of composite materials [3].  
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Figure 1-1: Development of composite aerospace applications over the last 40 years [1]. 
 
In space applications, these materials are used for solar panel substrates, antenna 
reflectors, yokes of spacecraft, and fuel tanks. For example in 2006, Microcosm Inc. 
successfully completed qualification tests on an all-composite cryogenic liquid 
oxygen tank (1 m diameter pressure vessel/ operating pressure ~40 bar) [4]. 
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Figure 1-2: Example of an airplane in which 50% of the primary structure exists of 
composite materials [2]. 
 
In civil engineering applications, an all composite road bridge was built in 
Oxfordshire (UK) [5]. Other applications are the use of composites in boat and scull 
hulls, bicycle frames and race car bodies. 
Despite the growing popularity of structural composite materials, one has to realize 
that their mechanical behaviour is significantly different compared to conventional 
isotropic construction materials. Another major issue is the appearance and growth 
of damage (e.g. matrix cracks, fibre breakage, delamination, ...), which can already 
occur after a few hundred loading cycles [6, 7]. Due to the anisotropic and 
inhomogeneous nature of composites, mechanical loading that develops even little 
strain in the main fibre direction, may cause strain levels normal to the fibres or at 
the fibre/resin interface, which are sufficiently high to cause damage [8]. Although 
the initiation of damage in composite materials is not life-threatening, regular 
inspection of the damage status and of its evolution is necessary. Standard 
inspection methods (visual surveillance, ultrasonic inspection and radiography) do 
not allow collecting data in between two inspection intervals, i.e. they do not 
provide continuous and on-line information. 
Therefore, worldwide research is conducted on other evaluation techniques to 
measure strain and to detect damage in different types of materials and structures. 
Strain monitoring of an in-service structure should greatly enhance the insight and 
confidence in the (long-term) behaviour of high performance composite structures. 
The feedback from recorded loads, deformations and temperatures of (parts of) 
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existing structures in real conditions, can lead to highly valuable information for 
design conditions. Structural health monitoring can already start by mapping 
residual strains during the production process. 
A major field of research concerns the application of optical fibre sensors [9-11], 
which have a number of well-known advantages including insensitivity to 
electromagnetic interference, small dimensions, light weight, multiplexing 
capabilities and resistance to corrosion [12]. These fibre optic sensors are mostly 
used as surface mounted and single axial strain gauge to measure the in-plane strain 
of a structure’s surface. In this dissertation, we integrate these fibre sensors in FRPs, 
which brings along a number of challenges. A first challenge is to limit the 
mechanical distortion of the host material as well as the stress field disturbance 
caused by the embedded sensor. A second challenge is to develop suitable and 
accurate finite element models, which relate the (multi-axial) strain in the 
anisotropic material to the strain in the optical fibre sensor. The third challenge is to 
identify the transverse strain components, since measuring the axial strain alone will 
not be sufficient to judge the health condition of a structure. Although several 
attempts to design a multi-axial strain sensor have been published, these studies 
were mostly limited to the non embedded characterization of a sensor without taking 
the anisotropic behaviour of the host material into account [13, 14]. In the beginning 
of the MASSFOS project, and in consultation with Sonaca (industrial advisor) and 
the European Space Agency (ESA), strain measurement requirements were put 
forward for such a multi-axial strain sensor. A strain operating range of ±4000 µε, a 
strain measurement resolution of ±5 µε for the longitudinal and transverse strain 
components, and a temperature operating range of -175°C up to 200°C should be 
aimed for [15]. In this dissertation the focus will be put on the strain measurement 
resolution.  
1. 2.  MONITORING OF FRP STRUCTURES 
1. 2. 1.  Introduction to fibre reinforced plastics 
This paragraph gives a short introduction on the constitution of composite materials 
and more specific FRPs, and highlights some major benefits over the more 
conventional materials (e.g. metals). Composite materials are engineered materials 
which consist of two or more constituents. Most composites (e.g. FRPs) have two 
constituents: a binder or matrix, and reinforcement fibres. 
The reinforcement is much stronger and stiffer than the matrix, and gives the 
composite its good mechanical properties. The matrix holds the reinforcement fibres 
in an orderly pattern. Because the reinforcements are usually not bonded, the matrix 
also helps to transfer load among the reinforcements. 
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Commonly used reinforcement fibres are glass, carbon, aramide, etc.. Figure 1-3 
gives an overview of the reinforcement fibres used by UK companies. The linear 
part of the stress strain curve is given for the different fibre types in Figure 1-4. 
Reinforcement fibres can be unidirectional (fibres uniformly distributed in one 
direction), they can be randomly spread chopped fibres, or fabrics (knitted, 
3D-preforms, etc.) (Figure 1-5). 
 
 
Figure 1-3: Fibres used by UK companies [16]. 
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Figure 1-4: Elastic part of the stress-strain relation for different types of reinforcement 
fibres [16]. 
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Figure 1-5: Fibre formats used by UK-companies [16] 
 
For the matrix, a distinction is made between thermoplastics 
(PP,PPS,PEI,PEEK,PEKK) and thermoset material (epoxy, polyester). A 
thermoplastic is a polymer that turns to a viscous liquid when heated and freezes to a 
very glassy state when cooled sufficiently. Thermoplastic polymers differ from 
thermosetting polymers because they can, unlike thermosetting polymers, be melted 
and remoulded [17]. Thermosetting plastics (thermosets) are polymer materials that 
irreversibly cure form. The cure may be attained through heat (ranging from 
70-240°C), a chemical reaction (two-component epoxy, for example), or irradiation 
such as electron beam processing. Uncontrolled reheating of the material results in 
reaching the decomposition temperature before the melting point is reached. 
Therefore, a thermoset material cannot be melted and re-shaped after it has been 
cured. This implies that thermosets cannot be recycled, except as filler material [17]. 
Thermoset materials are generally stronger than thermoplastic materials thanks to a 
dense 3-D network of bonds, and are also more suitable for high-temperature 
applications. 
Several advantages of composite materials for use  in structural components are 
summarized in this paragraph. A first advantage is their high strength for low weight 
and good stiffness-to-weight ratio. The fibre/resin mix can be customized to meet 
stiffness, strength and manufacturing requirements. Because of the high specific 
strength and stiffness, composites can deliver weight savings of 25 to 50 percent 
over traditional materials. While some applications may require thicker composite 
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sections to meet strength/stiffness requirements, manufacturers will still benefit from 
a significant weight reduction. The second advantage is the possible reduction of 
assemblies and reduced fastener count. Composite material makes it possible to 
consolidate many parts in one assembly. As a result, the part count along with 
fasteners, assembly time and weight, is reduced. Also, vulnerable interfaces between 
joint parts are eliminated. Other benefits of composite materials can be summarized 
as: good corrosion resistance, good resistance to fatigue damage with good damping 
characteristics, reduced machining, and low coefficient of thermal expansion. The 
wide range of fibres and resins available, makes it possible for manufacturers to 
choose the optimal material combination to meet the specific structural requirements 
of an application. 
The material used in this work is a carbon fibre reinforced thermoset plastic 
material which is space qualified and also known as M55J/M18 pre-impregnated 
(prepreg) material. The M55J type of high modulus carbon fibre is impregnated with 
M18 type of epoxy which is partially cured. Storage at -18°C is needed to prohibit 
further curing of the epoxy matrix. The reinforced plastic prepreg layer can be 
stacked under different angles to develop a so-called laminate with desired stiffness 
and strength in different directions dependent on the application and the expected 
service load. Since one individual layer is a heterogeneous material with anisotropic 
properties, it is logical that the resulting lamina is also not isotropic. A typical 
notation of the laminate lay-up is [02,902]2s. This notation should be understood as: 
the numbers 0 and 90 indicate the angle of the reinforcing fibres with respect to the 
x-axis, taken positive when oriented from the x-axis to the y-axis; subscript 2 
indicates the number of consecutive layers; and subscript s denotes a symmetrical 
lay-up with respect to the mid-plane (thus a total of 16 layers). 
1. 2. 2.  Monitoring structures 
This dissertation is the continuation of the work done during the PhD of Wim De 
Waele. In this book [18], a thorough overview of possible fibre optic sensors and 
their applications, is given. The main body of the work has been mainly focused on 
embedded as well as surface mounted optical fibre Bragg grating sensors for 
measuring axial strain. A theoretical model to measure multi-axial strain 
components, is put forward too. Thus, for a thorough introduction on structural 
health monitoring of structures using optical fibre sensors, the reader is referred to 
the work of Wim De Waele. This paragraph gives an overview of the position of the 
fibre optic sensors and especially the fibre optic stress/strain sensors in the market. 
 
Fibre optic sensors start to become more and more accepted in the sensor market 
thanks to cost reduction. For example, the cost for an FBG sensor is ~50 €; their 
read-out systems are already available from ~10 000 € on [19]. Figure 1-6 gives the 
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present and the future state of the United States’ fibre optic sensor market with an 
expected growth of ~400% in the next 5 years.  The potential of fibre optic sensors 
to measure various perturbations, e.g. axial strain, pressure, temperature, and their 
advantages over conventional electrical sensors have done the rest. Stress/strain 
measurement is one of the most important applications of optical fibre sensor 
technology. Its market potential is given in Figure 1-7. Only 0.2% of the stress strain 
market was taken by fibre optics in 2006. In 2013 this will be over 4%. In the future, 
a lot of market potential remains and a steady growth is to be expected. 
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Figure 1-6: Present and future state of the United States’ fibre optic sensors market in 
million dollar [20]. 
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Figure 1-7: Present and future state of the stress/strain sensor market and the part 
which is, or will be taken, by fibre optic sensors in million dollar [21]. 
 
This work will focus on the use of FBGs for strain measurements and especially on 
the opportunities and pitfalls of embedded FBG strain measurement. 
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1. 3.  STATE OF THE ART – GOAL OF THE RESEARCH 
Worldwide, FBGs are mostly mounted on top of structures with or without 
transduction mechanism. In both cases, the FBGs are only loaded with axial stress. 
However, to monitor the structural health of composite materials, it is necessary to 
map all strain components inside the material. Embedded FBGs are well-suited for 
this task, because of their distinguishing response to axial and transverse strain 
components whenever subjected to a three-dimensional strain field [22]. In addition, 
optical fibres can be embedded in composite materials without compromising the 
structural integrity of the host material [22]. For example, presently, optical fibres 
have already been integrated in smart patches. This composite patches can be 
bonded on components of aircrafts which were damaged during service. They are an 
alternative for conventional aircraft repair techniques which employ bolted or 
riveted metallic reinforcements which frequently introduce additional stress 
concentrations caused by the fastener bolts.  Research has proven the feasibility of 
this technique to repair and in the mean time follow up further cracking of an 
structure [23-27]. 
 
The experience in fibre optic sensing in Belgium is mainly located in the field of 
research. Several universities and research institutions explore the possible 
applications of fibre optics and especially FBGs. Faculté Polytechnic de Mons is 
mainly interested in chemical sensing, and strain sensing. Multitel, which started as 
spin-off of this faculty, has the ability to write FBG gratings in all sorts of optical 
fibres and develops customized solutions for chemical, physical or biological 
sensing. They integrated fibre optics in fabrics for health care monitoring and started 
research activities on embedding FBGs in composite materials. The NDT group at 
KULeuven-MTM embedded fibre optics in composite material as an alternative for 
the rather robust piezo-electric transducers used for acoustic emission monitoring. In 
the AISHA project [28], single mode optical fibre sensors were used in a 
polarimetric set-up to detect the Lamb wave signals that are generated in composite 
samples. FOS&S located in Geel (Belgium) is developing fibre optic transducers 
mainly based on the Bragg grating technology. A strain kit was developed which 
makes surface mounting as simple or even simpler than the mounting of classical 
electrical strain gauges [29]. VUB-TONA has expertise in theoretical modelling and 
characterization of FBGs written in micro-structured optical fibres. 
The research group ‘Mechanics of Materials and Structures’ of UGent has a lot of 
experience in quantitative monitoring of deformation of all sorts of materials 
(especially composites) with all sorts of sensors. A PhD on structural monitoring of 
composite elements using optical fibres with Bragg-sensors was successfully 
finished in academic year 2001-2002 [18]. The main goal of this research was 
proving the feasibility of strain sensing with FBGs which are surface mounted or 
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embedded. The author performed his PhD in the framework of a co-funded 
ESA-project (with acronym MASSFOS and in cooperation with FOS&S and 
XenIC’s) on embedding multi-axial FBGs in fibre reinforced plastics. Related 
research activity is situated in the domain of high strength gratings fabricated on a 
draw tower. Several parameters of the fabrication process (dimensions of the fibre 
and coating properties and placement) are studied into detail. These so-called draw 
tower gratings are also being embedded in thermoplastic fabric composite materials. 
It has been discussed that the spectrum is significantly altered during manufacturing 
of these laminates. 
 
This dissertation is based on the work done during the aforementioned ESA-project. 
The main goal of the author’s research can be described as: Multi-axial Strain 
Monitoring of Fibre Reinforced Thermosetting Plastics Using Embedded Highly 
Birefringent Optical Fibre Bragg Sensors (HiBi-fibres with FBGs). 
 
 
Figure 1-8: Flow chart of the different steps necessary for structural health monitoring 
using an embedded optical fibre sensor. 
 
Figure 1-8 depicts a flow chart with the different steps necessary for monitoring the 
health of a structure by using an embedded sensor. The different steps will be 
evaluated in this dissertation.  
Since strain monitoring was aimed for, a basic (theoretical and experimental) know-
how on the strain and temperature dependency of FBGs written in HiBi-fibres had to 
be developed (calibration). As will be proven, a single FBG is not sufficient to 
measure a multi-axial strain field. Therefore, a sensor configuration had to be 
developed which has a sufficiently different response for the different strain 
components. The mechanical interaction between this embedded sensor 
configuration and its host material should be evaluated (Strain transfer). This also 
includes the competence of embedding the sensor in fibre reinforced plastics which 
are generally fabricated in harsh environments (in this work, an autoclave 
procedure). The orientation, position, and entry point of such a sensor are main 
topics which need to be studied. A lot of effort has been made in the experimental 
validation. Therefore, sensors have been embedded in a number of CFRP-samples 
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which have been subjected to controlled loading conditions. A comparison with 
more conventional measurement techniques (such as extensometers and surface 
mounted reference FBGs) and an interpretation of the measurement results are 
important. Finally, possible representative structural composite applications in 
which the multi-axial strain sensor configuration is of added value, have been 
studied. 
Recently, a research proposal in cooperation with VUB-TONA and VUB-MECH 
was submitted to the FWO-institute. The purpose is to overcome the present 
difficulties which still exist for embedded strain monitoring using FBGs written in 
classical fibre types. FBGs written in micro-structured fibre technology will be 
studied. Results of some preliminary work are discussed in this work. 
1. 4.  OUTLINE OF THE DISSERTATION 
Since this dissertation is the continuation of the work done during the PhD of Wim 
De Waele (promoter of this work), the author first likes to highlight the most 
important differences with his own work. The main focus of Wim De Waele was on 
measuring axial strain in composite laminates and structural elements with 
embedded uni-axial FBGs. These measurements have been compared with reference 
measurements based on surface mounted FBGs, electrical resistance strain gages 
and extensometer readings. The strain and temperature dependency (in a small 
temperature range 10-40°C) of uni-axial FBGs were calibrated experimentally. The 
embedding method (entry point of the fibre, composite distortion) was evaluated and 
both static and dynamic experiments have been conducted. In the last chapter of De 
Waele’s work, a theoretical model describing the measurement and calculation of 
multi-axial strain components was put forward, however without experimental 
validation. 
That last chapter was the starting point of this work. The theoretical model to 
measure multi-axial strain components is refined, and a complete experimental 
calibration programme (for transverse strain, for longitudinal strain, and for 
temperature) is conducted for several types of optical fibres with Bragg grating. The 
main focus, however, is on multi-axial FBGs. The embedding method, which is 
more complex as compared to uni-axial FBGs, was evaluated.  All aspects of 
measuring more dimensional strain fields inside composite  materials are examined 
in detail. An overview of the different chapters in this book is given below. 
 
In general, the first two or three chapters of a dissertation are used to give a review 
of the literature. In this dissertation, the author has chosen to discuss the literature in 
the related chapters and sections. It is the author’s believe that this will comfort the 
reader when going through this dissertation. This section gives an overview of the 
different chapters of the dissertation. 
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1. 4. 1.  Chapter 2: Advanced strain sensing using optical fibres with 
Bragg gratings 
In this chapter, a definition of an FBG and its central Bragg wavelength are given. 
Then, the Bragg wavelength’s parameters, which are temperature and strain 
dependent, are defined. The theoretical response of these parameters for a multi-
axial strain field has been evaluated for the case of a non-embedded fibre Bragg 
grating. The photo-elastic effect and thermo-optic effect were used as starting 
points. Next, an overview of FBGs written in different types of glass optical fibre is 
given. The main property to make a distinction between the fibres was their (non) 
birefringency, with the emphasis on the shape of the corresponding Bragg spectrum. 
From this point on, the dissertation will focus only on the bow-tie type of HiBi-fibre. 
This type of fibre has been experimentally characterized for transverse and axial 
strain, and for thermal loads. A new method for characterization of these fibres is 
proposed. 
1. 4. 2.  Chapter 3: Multi-axial strain sensor 
Designing a multi-parameter or multi-axial strain sensor (MAxS-sensor) based on 
optical FBGs should meet several basic requirements, which are discussed in this 
chapter. The optical fibre sensor should show a high sensitivity for all strain 
components and should be designed in such a way that it shows a diverse response 
for the parameters of interest (axial strain, transverse strain, and temperature). First, 
a literature review on multi-parameter strain sensing is given, followed by the 
proposition of a new sensor design for measuring the total strain field (axial and two 
transverse components) with embedded FBGs. In addition, the strain resolution of 
this sensor and a feasibility study (combined FE modelling and experiments) are 
discussed.  
1. 4. 3.  Chapter 4: Embedded fibre Bragg gratings 
When embedding an optical fibre in a host material, one should consider several 
topics. The embedding procedure should be as simple as possible. This means that 
the in- and egress points, the orientation of the fibre (polarization axes HiBi-fibres), 
its position, and the necessary embedding time should be examined. A literature 
review and description of own work on how to design the entry point of an optical 
fibre sensor is given, followed by a survey on possible orientation procedures, 
considered during the author’s PhD. Next, the mechanical distortion of the 
composite material due to the presence of an embedded sensor, is briefly discussed. 
It was shown that the size of the sensor and its orientation with respect to the 
reinforcement fibres are important. Finally, the strain present in the core of the 
optical fibre is not equal to that in the host material and will be examined. Finite 
element simulations show that the relation between both strain fields depends on the 
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mechanical properties of the host material and the sensor, on the lay-up of the 
composite material, and on the position of the sensor in a certain layer. Due to the 
difference in mechanical properties, the resolving power of the sensor is found to be 
lower than the theoretical resolution of the MAxS-sensor determined in Chapter 3. 
1. 4. 4.  Chapter 5: Carbon fibre reinforced plastic samples with 
embedded MAxS-sensor under controlled loading 
The chapter begins with an explanation on the manufacturing process of CFRP-
samples, using the autoclave technique. Since all samples were made at the UGent 
autoclave facility, the CFRP sample material properties were defined apart from 
those given by the manufacturer and other authors. A selection of tests performed 
during the MASSFOS project on CFRP samples with embedded MAxS-sensor are 
discussed to prove the working principle of this sensor. The measured strain values 
are compared with reference measurements (extensometer, displacement, load, 
surface mounted FBG) and with finite element simulations. In this chapter the 
calculated strain relation between optical fibre and host material has been 
experimentally optimized. The feasibility of the MAxS-sensor will be proven. 
1. 4. 5.  Chapter 6: Perspectives in multi-axial strain sensing with 
embedded FBGs 
In this chapter, some perspectives are given to use this sensor in several real-world 
applications. The first perspective is following up the existence of residual stresses 
and strains in composite laminates and structures. This can be done by monitoring 
the cure cycle during the fabrication process of a composite. A second perspective is 
the monitoring of a real structure in service. The MAxS-sensor is embedded in a 
scale model of a T-joint. A new test set-up was designed and fabricated to test this 
type of structure. A last perspective is the feasibility of Bragg gratings in a micro-
structured fibre for measuring transverse strains. It will be proven that FBGs written 
in such a fibre hold a promising solution for transverse strain measurements without 
the necessary temperature compensations. 
1. 4. 6.  Chapter 7: Conclusions 
In this concluding chapter, the main achievements in using embedded optical fibres 
as a multi-axial monitoring technique, are briefly recapitulated. Finally, some 
recommendations for further research are given, focusing mainly on the further use 
and design of FBGs written in micro-structured fibres, and on the evaluation of the 
existing MAxS-sensor under dynamic load.  
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Chapter 2 : ADVANCED STRAIN SENSING USING OPTICAL 
FIBRES WITH BRAGG GRATINGS 
 
Figure 2-1 repeats the structural health monitoring scheme of Chapter 1. The 
calibration step, necessary to relate the wavelength response of an optical fibre 
sensor with the strain field at its core, has been highlighted. In this chapter, the 
theoretical response to a multi-axial strain field and temperature of an optical fibre 
with Bragg grating has been evaluated. 
 
 
Figure 2-1: Flow chart of the different steps necessary for structural health monitoring 
using an embedded optical fibre sensor. The calibration step is highlighted. 
 
2. 1.  INTRODUCTION 
A fibre Bragg grating (FBG) is a periodic refractive index variation in the core of a 
single mode optical fibre, created by appropriately illuminating the fibre sideways 
with UV-light [1] (Figure 2-2). When a broadband light spectrum is coupled into the 
fibre in which a Bragg grating is written, only a narrow part of the spectrum will be 
back reflected (Figure 2-2). The reflected spectrum is centred on the Bragg-
wavelength Bλ  which is given by 
2B effnλ = Λ      2-1 
in which effn  is the effective refractive index of the fibre at the position of the 
Bragg-grating, and Λ  is the pitch of the Bragg-grating. Both parameters ( effn , Λ ) 
of the grating are strain and temperature dependent. As such the shift of the Bragg 
wavelength in function of these small perturbations can be written as [2] 
2 2eff effB eff eff
n n
n n T
T T
λ εε ε
∂ ∂⎛ ⎞ ⎛ ⎞∂Λ ∂Λ∆ = + Λ ∆ + + Λ ∆⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠
 2-2 
 Multi-axial Strain Monitoring of Thermosetting FRPs with Bragg Sensors 
 
18 
Ignoring the temperature dependency, FBG-sensors can be considered as the optical 
counterpart of classical electrical resistance strain gauges. In spite of some 
disadvantages (e.g. they are fragile, which makes careful handling necessary) this 
type of sensor has many advantages over classical strain gauges. The strain and 
temperature information is encoded into a wavelength which is an absolute 
parameter. Measurement interruption, by accident or intended, does not cause any 
problem. Long term measurements do not need extra balancing and thus loss of the 
zero reference, as is most often the case with classical strain gauges due to drift of 
the components (reference strain gauges, resistance of the wires) of the measuring 
system. In addition, the result does not depend on the total light level; losses in the 
connecting fibres or optical couplers, or fluctuations in the power of the broadband 
light source have therefore no influence. This is an important aspect when 
considering long-term field measurements. Furthermore, the wavelength-encoded 
nature of the output facilitates wavelength division multiplexing. It allows the 
distribution of several gratings over a single optical fibre, by assigning each sensor 
to a different portion of the available spectrum of the light source. Remark that the 
measurement of the Bragg-wavelength depends on the stability and reproducibility 
of the employed interrogators. The measurement algorithm of the interrogator, 
however, is as important. The determination of the Bragg wavelength using a ‘Full 
Width at Half Maximum’ (FWHM) algorithm can differ from a Bragg wavelength 
determined by a centroid calculation algorithm. This is due to the influence of the 
grating characteristics (mainly uniformity of the spectral shape, amplitude) and the 
sampling density of the FBG spectrum, as well as on the uncertainty of the curve fit 
algorithm for the determination of the Bragg wavelength [3, 4]. In this work, the 
FWHM algorithm is used. 
Thanks to their small size (down to 40 µm cladding diameter [5]), their corrosion 
resistance, and their insensitivity to electromagnetic interference, optical fibres have 
become more and more widespread in sensor applications. Strain measurement is 
one of the most important applications of FBG based sensor technology [6, 7]. For 
this application FBGs are well known to feature a high axial strain resolution. 
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Figure 2-2: Schematic drawing of a Bragg-grating in a conventional single mode  optical 
fibre. Also shown is a typical spectral response of such a grating after in-coupling of 
broadband light. 
 
Strain measuring FBGs are mostly surface mounted with or without strain 
transduction mechanism [8, 9] and are assumed to be exposed to axial stress only. 
However, to monitor the structural health of complex materials such as fibre 
reinforced plastics, it is necessary to map the complete stress/strain field inside the 
material, and more particularly the transversal stress/strain components are of high 
interest because they can cause catastrophic damage such as delamination [10]. It 
should be noted that for this purpose, optical fibres can be embedded in composite 
materials without compromising the structural integrity of the host material [11]. 
 
In the next section of this chapter the author first determines the theoretical effect of 
a (multi-axial) strain field on the impermeability tensor of an isotropic optical fibre, 
which is also called the photo-elastic effect. Following, this photo-elastic effect is 
used to determine the spectral response of an FBG to a multi-axial strain field. In 
addition, the temperature response is discussed. In a following section, several 
commonly used types of optical fibres in which a Bragg grating can be written are 
discussed. Finally, a proper calibration method, to determine the FBGs axial and 
transversal strain sensitivity as well as their temperature sensitivity, is discussed. 
2. 2.  RESPONSE TO STRAIN OF NON-EMBEDDED FBGS 
Figure 2-3 shows the orthogonal coordinate system used in this work. The 1’- and 
2’-axes are in transverse directions while the 3’-axis is aligned with the axis of the 
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optical fibre. The ‘ is used to avoid confusion with the coordinate system of a single 
layer of a composite laminate which will be defined in a forthcoming chapter. 
 
 
Figure 2-3: The used coordinate system of an optical fibre. 
2. 2. 1.  The photo-elastic effect of an isotropic optical fibre 
The photo-elastic effect can be described as the property of certain materials to 
become optically anisotropic once mechanical stress/strain is applied to the material 
[12]. This phenomenon is also referred to as stress birefringence or mechanical 
birefringence. 
An application of the photo-elastic effect, in general, is the visualization of 
mechanical stresses in photo-elastic materials (like some epoxies, 
polymethylmetacrylate, …). This method was very popular in the beginning of the 
twentieth century and was used to visualize plane stress situations. A prototype, a 
replica or a scale model of the real structure was made of photo-elastic material and 
subjected to similar anticipated loads as for the finished structure. As such, the 
maximum stress regions could be observed, which could lead to a redesign of the 
structure. 
 
 
Figure 2-4: A thin photo-elastic coating is put on a weld (left) and analysed using 
polarized light to visualize the photo-elastic fringes (right) [13]. 
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A quick and simple approach to photo-elastic analysis involves applying a thin 
epoxy coating onto a metal, glass or plastic component or even a model of a 
component. When the component is loaded, stresses are transmitted into the coating 
and when viewed under polarized light, photo-elastic fringes can be observed and 
analyzed. This method can be used to very quickly identify load paths within a 
structure as well as determining areas of stress concentration which could lead to a 
potential fatigue failure. For example in Figure 2-4: a thin photo-elastic coating is 
put on a weld (left) and analyzed using polarized light to visualize the photo-elastic 
fringes (right) [13]. For more information on this topic the reader is pointed to the 
specialized literature (e.g. [14, 15]). 
 
In this work, only strain birefringence of a glass optical fibre is discussed. Once 
mechanical strain is applied to the optical fibre, the refractive index of the glass fibre 
will alter. In which form this happens is discussed below. 
In general, the change in the optical impermeability tensor ( ijη∆ ) of a material 
depends on the strain tensor ( klε ) and the so-called strain-optic tensor ( ijklp ) [12]. 
2
1
ij ijkl kl
ij
p
n
η ε⎛ ⎞∆ = ∆ =⎜ ⎟⎝ ⎠     2-3 
(0)
ij ij ijkl klpη η ε= +     2-4 
Where (0)ijη is the initial impermeability tensor. Since both ijη and klε  are symmetric 
tensors, the indices i and j as well as k and l can be permuted. As such, the 
contracted indices can be used in the notation. Equation 2-3 then becomes: 
2
1 , 1,2, ,6ij j
i
p i j
n
ε⎛ ⎞∆ = =⎜ ⎟⎝ ⎠ …    2-5 
The form of the strain–optic tensor depends on the symmetry of the material. For 
isotropic materials (e.g. fused silica) this tensor will contain only two independent 
coefficients ( 11p and 12p in Equation 2-6 ). 
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Because the index perturbations due to the photo-elastic effect are small (0.2% 
change for 1% longitudinal strain) we can use the relationship 3 2
1 1( )
2
dn n d
n
= −  to 
rewrite Equation 2-6: 
( ) 3 , 1,2, ,6
2
i
ij ji
nn p i jε∆ = − = …   2-7 
Thus, the perturbation of the refractive index is proportional to the magnitude of the 
applied strain. 
The strain optic coefficients for pure bulk silica were found to be p11 = 0.121 and 
p12 = 0.270 [12, 16] (measured at a wavelength of 630 nm). However, due to the 
presence of dopant elements in the core (usually GeO2) and/or in the cladding of 
glass fibres, the effective values may differ up to 7%. For example, measurements 
on single-mode fibres (at the same wavelength as above) yielded values of 
p11 = 0.113 ± 0.005 and p12 = 0.252 ± 0.005 [17]. These values were measured based 
on two photo-elastic experiments, namely the polarimetric measurement of optical 
activity induced by mechanical twist, and the interferometric measurement of optical 
path length change induced by static longitudinal strain. In these experiments and 
calculations the Poisson’s ratio was assumed to be 0.16 0.01fν = ±  and the effective 
refractive index 1.458effn = . In section 2. 4. 1. c., the coefficients p11 and p12 were 
determined experimentally using an FBG written in a single-mode fibre: 
p11 = 0.111 ± 0.008 and p12 = 0.247 ± 0.017 [18].  Not only the strain optic 
coefficients of the optical fibre are known to vary depending on the concentration of 
GeO2  expressed in %mol. Other parameters are the refractive index, the thermal 
expansion coefficient, the thermo-optic coefficient, the Young’s modulus, and the 
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Poisson’s ratio of the optical fibre. This should be considered important in terms of 
advanced modelling of the optical fibre.  
 
It should be noted that the principal axes of birefringence of a material coincide with 
the principal axes of the strain tensor. In addition, when measuring with optical FBG 
sensors, it will not be possible to measure shear deformations ( 4ε , 5ε , and 6ε ), as 
these have no effect on the first two impermeability values and as such on the 
refractive indices of the fibre. Therefore, a good orientation and positioning of the 
sensor is necessary (see Chapter 5). 
2. 2. 2.  Spectral response of an FBG to a multi-axial strain field 
As mentioned before in Equation 2-1, the Bragg wavelength depends on the 
effective index of refraction ( effn ) and on the pitch ( Λ ) of the grating. Both the 
refractive index and the pitch will be affected by applied mechanical strain as well 
as by temperature. As such, under the assumption of isothermal condition (∆T = 0), 
the Bragg-condition can be written as: 
( ) ( ) ( )2B effnλ ε ε ε= Λ    2-8 
where [ ]1' 2' 3', , Tε ε ε ε= are the strain components along the axes of the used 
coordinate system (Figure 2-3); the strain components 4'ε , 5'ε  and 6'ε  have no 
influence neither on neff nor on Λ  [19]. Supposing that a change in strain state 
occurs, following: 
,0i i iε ε ε= + ∆   1,2,3i =   2-9 
By substitution of ( ) ( )( )
,0
,0
,0
2 B ieff i
i
n
λ εε ε= Λ  and ( )
( )
( )
,0
,0
,0
2 B ii
eff in
λ εε εΛ = , Equation 2-2 can 
be transformed into: 
( )
( )
( )
( )
( )
( ),0 ,0 ,0
effB
i i
B i i i eff i i
n
n
ελ ε ε ε ελ ε ε ε ε ε
⎡ ⎤ ⎡ ⎤∂ ∆∆ ∆ ∂Λ ∆= ∆ + ∆⎢ ⎥ ⎢ ⎥Λ ∂∆ ∂∆⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦
 2-10 
The first component of the equation is the change of the pitch due to the deformation 
of the fibre. The second one is the change of the refractive index. Using 
Equation 2-6, Equation 2-10 can be rewritten as 
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Where 1'ε  , 2 'ε  , and 3'ε  are the principal strains of the fibre according to the 
coordinate system of Figure 2-3. The wavelength shift of light travelling according 
to both (1’ and 2’) axes will differ due to a different change of the refractive index 
induced by the strain field present in the core of the optical fibre. This could lead to 
a spectrum which can become broader than the original one or even split into two 
distinct peaks (e.g. Figure 2-35). 
In the specific case that only axial stress ( 3'σ ) is applied on the fibre, the transversal 
strains ( 1'ε , 2 'ε ) are a fraction of the axial strain ( 3'ε ): 
1' 2 ' 3'fε ε ν ε= = −     2-12 
Filling in the values for the transversal strain components in Equation 2-11 the well 
known equation for the response of an non-embedded FBG subjected to axial stress 
is obtained [2]: 
,1' ,2 '
3 '
,0 ,0
(1 )B B
B B
P
λ λ ελ λ
∆ ∆= = −    2-13 
In which P is the strain optic constant,  
( )2 12 11 1212 eff fP n p p pν= − +⎡ ⎤⎣ ⎦    2-14 
Substitution of p11 = 0.113 ± 0.005 and p12 = 0.252 ± 0.005 [17] in Equation 2-13 
and 2-14 gives a value of the strain-optic coefficient P = 0.21. As such, the 
anticipated strain sensitivity for an FBG in the C-band (e.g. 1550 nm) will be 1.2 
pm/µε. 
2. 2. 3.  Response to temperature 
Under the assumption of a strain free condition ( 0iε = ), Equation 2-2 becomes 
2 effB eff
n
n T
T T
λ ∂⎛ ⎞∂Λ∆ = + Λ ∆⎜ ⎟∂ ∂⎝ ⎠   2-15 
Equation 2-14 represents the effects of temperature on the Bragg wavelength. A 
temperature increase causes a thermal expansion of the fibre with Bragg grating (and 
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thus a change of its pitch) and also a change in the refractive index. This fractional 
wavelength shift for a small temperature change T∆  may be written as:[2] 
( )B B f n
B
T
T
λ λ α α
λ β
∆ = + ∆
= ∆    2-16 
where 1f T
α ∂Λ= Λ ∂  is the thermal expansion coefficient of the optical fibre 
(approximately 0.55 x 10-6 1/K for silica [20]). The quantity 
1 eff
n
eff
n
n T
α ∂= ∂ represents the so-called thermo-optic coefficient, which is dependent 
on the type of dopant(s) and the concentration of dopant(s). Values between 
3.0 x 10-6 [21] and 8.6 x 10-6 1/K for a germania-doped, silica-core fibre have been 
reported [22]. The coefficients αf and αn can be combined in the so-called 
temperature coefficient β. Clearly the index change is by far the dominant effect.  
From Equation 2-16 it can be calculated that the temperature sensitivity of an FBG 
with a thermo-optic coefficient of 5.9 x 10-6 1/K [23] in the C-band (e.g. 1550 nm) is 
~10 pm/K. 
It now becomes apparent that any change in wavelength, associated with the action 
of an external perturbation to the grating, is the sum of mechanical deformation and 
temperature terms. Therefore, in sensing applications where only one perturbation is 
of interest, the deconvolution of temperature and strain becomes necessary! 
2. 3.  TYPES OF GLASS OPTICAL FIBRES USED FOR FBG SENSORS 
2. 3. 1.  Low birefringent fibres 
The first type of fibre is a standard telecom single mode optical fibre. Such a fibre 
typically consists of a core of a few micrometers surrounded by a cladding with an 
external diameter of 80 to 125 µm. In Figure 2-5 an 80 µm draw tower fibre (highly 
Ge-doped) is depicted with the reflection spectrum of an FBG written in the core of 
this fibre. Draw tower fibre Bragg gratings are written directly during the drawing 
process of the optical fibre, using one single laser pulse with a special FBG 
inscription set-up, which is mounted onto the fibre draw tower.  
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Core
Cladding
= 120 µm 
Coating
= 80 µm 
 
Figure 2-5: Left, typical cross section of a low birefringent fibre. Right, the spectral 
response of an FBG written in its core. 
2. 3. 2.  High birefringent fibres 
As shown in Figure 2-8 and Figure 2-11, an FBG in a high birefringent (HiBi) fibre 
returns two distinct Bragg peaks, each of which corresponds to one of the two 
propagating orthogonally polarized modes. Both modes fulfil the Bragg condition 
for a different effective refractive index, leading to two Bragg wavelengths. 
 
,
,
2
2
2
2
B fast eff
B slow eff
Bn
Bn
λ
λ
⎛ ⎞= − Λ⎜ ⎟⎝ ⎠
⎛ ⎞= + Λ⎜ ⎟⎝ ⎠
   2-17 
The subscripts slow and fast denote the two orthogonally polarized modes 
propagating in the birefringent fibre, ,B slowλ  and ,B fastλ  are their corresponding 
Bragg peak wavelengths, B  the phase modal birefringence at ( ), ,
, 2
B slow B fast
B mean
λ λλ +=  and effn  is the mean effective refractive index of both 
polarization modes in the grating zone at the same wavelength. Clearly the Bragg 
peak separation depends on the phase modal birefringence (Equation 2-17). The 
high birefringent fibre can be subdivided in two main groups i.e. the stress and shape 
induced birefringent fibres, and the micro-structured fibres. 
2. 3. 2. a.  Stress and shape induced birefringence 
For this type of fibres, the internal birefringence of the glass fibre is produced either 
by a geometric effect of the core (shape induced birefringence) or by a stress effect 
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around the core [24, 25]. In the first case birefringence is induced whenever the 
circular shape of the core is modified (e.g. elliptical core [26], Figure 2-6). In the 
second case, birefringence is generated through the use of stress applying parts 
(SAPs) introduced in the cladding of the optical fibre. Due to the differences in 
thermal expansion coefficients between the (in most cases with Boron) doped SAP 
regions and the cladding, a residual stress field occurs in the core during the cooling 
phase of the fibre’s pulling process. This residual stress induces the birefringence of 
the glass fibre core via the elasto-optic effect. The difference in Bragg wavelength 
for both polarization modes (Equation 2-11) can be written as: 
( )( )2,2' ,1' 12 11 2' 1' ,02effB B B
n
p pλ λ ε ε λ∆ − ∆ = − −   2-18 
Based on Equation 2-18, we can determine the (net) residual strains necessary to 
obtain a certain peak split of the spectrum. 
( )( ),2' ,1'2 ' 1' ,0 20 ,1' ,2 ' 12 11
4 B B
R
B Bn p p
λ λε ε ε λ λ
−− = = + −   2-19 
In which 
,1' ,0 ,1'
,2 ' ,0 ,2 '
B B B
B B B
λ λ λ
λ λ λ
= + ∆
= + ∆     2-20 
The birefringence is literally frozen in the core of the optical fibre. Elliptical 
cladding fibres, Panda fibres, and bow-tie fibres are examples of such stress induced 
high birefringent fibres. Figure 2-6 gives an overview of common stress and shape 
induced high birefringent fibres [27]. For each type of fibre both polarization axes 
(slow and fast) are shown. 
 
Since in this dissertation only FBGs written in bow-tie fibre were used, the author 
will focus on this type. Figure 2-7 shows the coordinate system of the used HiBi 
fibre. The slow axis is the 1’-axis while the fast axis equals the 2’ axis in this figure. 
A cross section of a 80 µm birefringent bow-tie fibre with FBG from Fibercore 
inc.([20]) together with its Bragg spectrum is shown in Figure 2-8. The 
birefringence in this fibre is induced by moon shaped SAPs of boron-doped silica 
present in the fibre cladding. The temperature expansion coefficient of these 
10 mol% boron-doped parts differs significantly from the temperature expansion 
coefficient of the fibre core and cladding (Table 2-1). This results in temperature 
induced stress during the cooling phase of the manufacturing process which in turn 
induces material birefringence in and around the core. At a wavelength of 1550 nm, 
the phase modal birefringence in this bow-tie fibre is 3×10-4. 
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Figure 2-6: HiBi fibre cross-sectional geometry: (a) Panda and true Phase fibres, (b) 
bow-tie fibre, (c) D cladding and elliptical core fibre, (d) elliptical core fibre, (e) elliptical 
cladding and (f) polarization axes configuration.[27] 
 
 
Figure 2-7: The used coordinate system of a bow-tie high birefringent fibre. 
 
 
Table 2-1: Mechanical properties of the bow-tie fibres used in this dissertation [28] 
 
Young’s 
modulus
Poisson’s 
ratio
Coefficient 
of thermal expansion 
 E (GPa) ν (-) α (1/°C)
Silica  70 0.17 5.5*10-7 
Borosilicate 51 0.21 14*10-7
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Figure 2-8: Typical cross section of a high birefringent bow-tie fibre, with the spectral 
response of an FBG written in its core. 
 
According to Okamoto [29] finite element methods have the most potential for 
modeling the complicated stress distributions for any kind of HiBi optical fibres. 
Therefore, using the mechanical properties of the bow-tie fibre listed in Table 2-1, a 
linear elastic finite element simulation model was built to estimate the effect of 
geometrical parameters of the SAPs on the residual strain field in the core of the 
fibre and as such on the birefringence (Figure 2-9). The FE model exists of ~10300 
linear triangular elements (CPE3T). In the simulations, the mechanical properties 
were kept constant because of their unknown thermal variation. A temperature drop 
is chosen in such a manner that the simulated residual strains agree with the actual 
ones which can be calculated using the wavelengths of the fast and the slow axes 
(Equation 2-18). When cooling the fibre, stresses will be created due to the 
difference in the thermal expansion of the silica fibre and the SAPs. Only changing 
the distance of the SAPs with regard to the core already leads to a significantly 
different strain field (Figure 2-9) and thus stress induced birefringence 
(Figure 2-10). By diametrically loading the model in ABAQUSTM, a calibration 
curve (wavelength shift as function of applied load) is obtained (see 
section 2. 4. 1. c. ). 
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d = 14 µm
1’ 
2’ 
ε1’ ε2’ 
 
 
d = 22 µm
1’ 
2’ 
ε1’ ε2’ 
Figure 2-9: Two configurations of a 2D FE model of an 80 µm bow-tie fibre. In the lower 
case the distance between the SAPs and the core of the fibre is significantly different, 
which leads to a different induced strain field in the core of the optical fibre. 
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Figure 2-10: Resulting spectra of an FBG in two different types of bow-tie fibre. 
2. 3. 2. b.  Micro-structured fibre 
A completely different type of fibre in which FBGs can be shot, is a micro-
structured optical fibre (MOF FBG). In contrast to conventional (step-index) fibres, 
light in these fibres is confined to the centre of the fibre by a (periodic) pattern of air 
holes around the core. The position, the shape and the size of these air holes can be 
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tailored with an unprecedented freedom of design [30]. This makes it possible to 
achieve dedicated properties for the light that is guided in the fibre core [31, 32], e.g. 
the phase modal birefringence in the MOF studied here was measured to be 8×10-4 
at a wavelength of 1550 nm. The microstructure of the MOF shown in Figure 2-11 
was described in [33]. The fabrication of FBGs in micro-structured fibres is not 
always straightforward, because the numerous air-silica interfaces compromise the 
ability to form an interference pattern in the core with transversal laser inscription 
beams. Nevertheless, the compatibility of this particular type of micro-structured 
fibres with conventional UV FBG inscription set-ups was demonstrated in [34]. 
More information on this fibre can be found in Chapter 6. 
 
1’ 
2’ 
Core
Cladding
= 125 µm 
Micro-structure
 
Figure 2-11: Typical cross section of a high birefringent micro-structured fibre, with the 
spectral response of an FBG written in its core. 
2. 3. 3.  Bandwidth of the Bragg peak 
Different types of fibres with typical Bragg spectra were discussed in the previous 
paragraphs. These spectra are significantly different from each other with regard to 
the Bragg peak separation of the FBG. Another aspect that defines the shape of the 
spectrum is the bandwidth of the Bragg peaks. The bandwidth of the peaks is mainly 
defined by the length of the inscribed grating. Figure 2-12 represents a simulated 
reflection spectrum of an FBG of 3 mm length inscribed in a fibre with a 3.2 10-4 
birefringence [35]. The obtained separation between the two peaks is 0.3 nm. 
Because of the short length of the grating, the peaks are wide and thus they overlap 
slightly. To show the influence of the grating length on the separation peaks  three 
FBGs with different lengths (2.5 mm, 3 mm, 8 mm) were simulated in a HiBi fibre 
with the same birefringence (3.2 10-4) [36]. Since the reflectivity of the FBG spectra 
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depends on the length of the grating and the index modulation (δn), the author 
adjusted the δn of the gratings so as to have the same reflectivity of the FBG. We 
can see clearly that for the 2.5 mm grating length the peaks overlap and to make a 
distinction between the peaks one should use polarized light oriented parallel to each 
axis. In the case of the 3 mm grating the peaks are still overlapping but the two 
peaks are already distinguishable. For the 8 mm grating the two peaks are well 
separated, even with a birefringence of  3.2 10-4. An even longer FBG length will 
give a better peak separation, however, the grating becomes too large and cannot 
longer be considered as a point sensor. 
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Figure 2-12: Simulated reflectivity spectra of three FBGs in HiBi fibre of 3.2 10-4 
birefringence and different grating lengths: 2.5 mm (straight line), 3 mm (circle) and 8 
mm (triangles). [36] 
 
2. 4.  STRAIN CALIBRATION OF FIBRE BRAGG GRATINGS 
Whenever FBGs are used as a sensor to determine one or several components of the 
strain present in a material, the strain sensitivities (pm/µε) of the sensor need to be 
determined. According to Equation 2-20 which was found in section 2. 2. 2. we have 
to determine the strain optic coefficients ( 11p  and 12p ) to completely define the 
strain dependency of a fibre Bragg grating. 
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Several calibration methods are discussed in the upcoming paragraphs, starting with 
the transverse strain calibration. Such a calibration method induces the most simple 
strain state in the core of the fibre (only two transverse strain components). A 
longitudinal calibration method (paragraph 2.4.2) induces a three-axial strain field. 
2. 4. 1.  Transverse strain calibration 
2. 4. 1. a.  Strain in the core of an SM optical fibre due to a pure 
diametrical compression. 
When a single mode optical fibre (isotropic) is diametrically brought into contact 
with a pressure plate they initially touch along a line. Under the action of the 
slightest load they deform in the vicinity of their point of first contact so that they 
touch over an area which is finite though small compared with the dimensions of the 
two bodies (Figure 2-13). A theory of contact is required to predict the shape of this 
contact region and how it grows in size with increasing load [37]. With this theory, 
components of deformation and stress in the optical fibre can be calculated in the 
vicinity of the contact region. 
 
 
δ δ
Optical fibre
 
p (r)
F
x
ah ah
 
Figure 2-13: A cylindrical optical fibre is loaded in compression (F) by a rigid body. As a 
result, a certain stress distribution p(r) is created at the contact interface. 
 
The compressive load per unit axial length ( F ) gives rise to a Hertzian distribution 
of pressure. 
2’ 
1’ 
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2
2
2 (1 )
hh
F xp aaπ= −     2-22 
in which the semi-contact-width is defined by 
2 f
h
f
FDa Eπ=     2-23 
Where fE  is the composite modulus of the optical fibre and the contacting body 
and fD the diameter of the optical fibre. With this pressure distribution, the stress 
distribution in the centre of the optical fibre due to diametrically opposed 
concentrated loads can be calculated [38]. It comprises the superposition of the 
stress fields due to two concentrated forces F (Figure 2-13) acting on the plane 
boundaries of two half spaces tangential to the cylinder. 
1' 2 '2 6
f f
F F
D D
σ σπ π= = −    2-24 
Once the stress is known, the values of the strain state can be found from Hooke’s 
law for plane strain [39]. 
2 2
1' 2 '
2 ' 1'2' 1'
1 1
1 1
f f f f
f f f fE E
υ σ υ υ σ υσ συ υε ε
− −= − = −− −
⎛ ⎞⎛ ⎞ ⎛ ⎞⎛ ⎞⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠ ⎝ ⎠⎝ ⎠
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If a theoretical load of 1NF mm=  is applied on the optical fibre which has a 
Young’s modulus of 70fE GPa=  and a Poisson’s ratio of 0.17fυ =  one can 
determine the strains induced in the core of the optical fibre. 
 
Table 2-2: The strain induced in the core of a 125 µm or 80 µm fibre due to a 
diametrically applied load 
 
1'σ  
[ MPa ] 
2'σ  
[ MPa ] 
1'ε  
[ µε ] 2'
ε  
[ µε ] 
125fD µm=  4.71 -14.14 105.6 -209.6 
80fD µm=  7.95 -23.86 178.2 -353.7 
 
By applying a diametric load on an axi-symmetric fibre, a state of plane strain 
( 3' 0ε = ) is produced. Thus, during calibration both wavelengths (Equation 2-21) 
are only influenced by the transversal strains and can be reduced to 
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By diametrically loading the optical fibre and simultaneously measuring the 
wavelength shifts ( ,1'Bλ∆ , ,2'Bλ∆ ), the strain optic coefficients ( 11p  and 12p ) can be 
determined or, vice versa, the theoretical wavelength shifts when using the 
experimentally determined strain optic coefficients (p11 = 0.113 and p12 = 0.252) of 
Bertholds and Dändliker [17]. Using these values and knowing that the refractive 
index equals 1.456effn =  and ,1' ,2 ' 1550B B nmλ λ= = , the wavelength shifts become: 
 
Table 2-3: The wavelength shifts of a 125µm or 80µm fibre due to a diametrically 
applied load 
 
,1'B
F
λ∆
 
( / )
nm
N mm
⎡ ⎤⎢ ⎥⎣ ⎦
 
,2'B
F
λ∆
 
( / )
nm
N mm
⎡ ⎤⎢ ⎥⎣ ⎦
 
125fD µm=  0.067 -0.0048 
80fD µm=  0.113 -0.0081 
 
If one aims at determining the strain optic coefficients in a precise way, one should 
take care of the following points: 
• The small loads applied during the calibration experiment should be 
measured with a load cell with high accuracy. 
• The loading stamp should lead to a good transfer of the load onto the 
optical fibre. 
• A well known relation between applied load and induced strain in the core 
of the fibre is necessary. To calculate this relation accurate mechanical 
properties for the glass fibre are needed. 
 
In the following paragraphs a literature overview is given of several calibration 
devices used to transversally calibrate an optical fibre with Bragg grating. 
Afterwards the authors’ proposal is presented. 
2. 4. 1. b.  Diametrical compression test set-up 
In what follows, the used coordinate system and notation of the cited authors have 
been adjusted to the orthogonal coordinate system of an optical fibre defined in 
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Figure 2-7. This was done in order to compare more easily the different cited 
solutions. 
In literature, several designs for transverse strain calibrations are proposed; they can 
be subdivided into two main groups. The first group of authors uses a leverage arm 
to load the fibre, the other group is directly pressing the fibre. Both groups, however, 
designed an apparatus which produces a state of plane strain (axial strain is zero, 
3 ' 0ε = ) to simplify the strain state of the optical fibre core. This is necessary to be 
able to simply determine the strain optic coefficients out of Equation 2-26. 
 
 
Figure 2-14: Left, calibration device designed by Abe et al. [40-43] using a leverage arm 
to load the fibre Bragg grating and two support fibres. Right, the first results of Abe et 
al. [43] when transversely loading the fibre up to 12kg. 
 
Abe et al. [43] used a leverage arm to calibrate a Panda FBG (length = 1 mm) 
(Figure 2-14). Weights of different masses (1 to 12 kg) were suspended in the 
pivoted arm of the apparatus. The contact length between the optical fibre and the 
glass plates was 10 mm. Two support fibres and one Panda fibre have been used. A 
stell pin on a plate was used to transfer the load of the  pivot arm onto the top of the 
fibre. If the stell pin was positioned exactly above the Panda fibre and both support 
fibres are at an equal distance of the stell pin, the load transferred to the fibre is the 
load transferred to the stell pin through the leverage arm divided by three. One can 
imagine the big errors which can be made using this set-up due to the indirect 
loading of the fibre. Additionally, support fibres as well as Panda fibre should have 
exactly the same diameter to avoid errors. Abe reported that the optical spectrum 
without load showed a single reflection peak with 1nm bandwidth and the spectra of 
the gratings began to change at 6kg of load. This is due to the length of the FBG 
(1mm) which reflects only a single peak of 1nm width (Figure 2-14). 
In 2006 Abe et al. [41], repeated their experiments for an 80 µm bow-tie fibre, a 
standard 125 µm internal elliptical cladding (IEC) fibre, and a chemically etched 
82 µm IEC fibre. It should be noted that the transverse strain is defined here as the 
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difference in strain along both polarization axis. The maximum and minimum strain 
sensitivity is given for each polarization mode. 
 
Table 2-3: Comparing the strain sensitivities of FGBs written in an etched IEC fibre 
with FBGs written in commercially available HiBi-fibres [41] 
 
Spectral sensitivities
 ,B slowλ
ε
∆
∆  
,B fastλ
ε
∆
∆  
Fibre type  
( cladding diameter) 
Load direction 
[Parallel to] 
pm µε⎡ ⎤⎢ ⎥⎣ ⎦  
pm µε⎡ ⎤⎢ ⎥⎣ ⎦  
Etched IEC (82 µm) Slow -0.70 2.23 
 Fast 3.40 -0.10 
Bow-tie (80 µm) Slow -0.02 1.16 
 Fast 1.20 0.3. 
Standard IEC (125 µm) Slow -0.29 1.55 
 Fast 7.02 1.02 
 
In 1996 Wagreich et al. [38] used another set-up slightly different from that of Abe 
et al. [43] by eliminating one of the support fibres. As such, one is certain that both 
fibres will have contact with the pressure plate. A stainless steel rod is attached to an 
optical bench at the pivot point and the load is applied to the opposite end. This rod 
comes into point contact with a copper pin perpendicularly oriented to the steel rod. 
The copper pin is attached to an aluminum compression plate which is placed on top 
of two more copper pins and another polished aluminum plate to reduce the 
influence of bending moments on the load applied to the grating and to reduce the 
effects of micro-bending. The test fibre and a support fibre of equal diameter are 
situated on top of a glass plate and are stressed by the aluminum plate above them. 
The support fibre is added to keep the polished aluminum plate parallel to the glass 
plate, thereby producing diametrically opposed applied loads on the fibre. Both 
support fibre and test fibre have a length of 25 mm on which diametric load is 
applied. 
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Figure 2-15: Left: the calibration device designed by Wagreich et al. using a leverage 
arm to load the fibre Bragg grating and one support fibre. Right: the results obtained by 
diametrically loading the fibre up to 90N. [38] 
 
Wagreich et al. [38] recorded the spectra reflected by the grating for various applied 
loads. The resulting waterfall plot of the normalized reflected light intensity from 
the grating against wavelength and applied load is shown in Figure 2-15. Without 
load applied, the reflected spectrum has a single peak centered around the nominal 
Bragg wavelength. As the load is increased a broadening of the reflected spectrum 
could be observed until the split of the reflected intensity peaks becomes actually 
distinguishable at an applied load of 40 N. At that point, the intensity of light is split 
evenly between the two wavelength peaks, and integration of the total reflected 
power shows negligible loss even under very high loads. The load sensitivity was 
found to be: 
,1' ,2'0.163 , 0.0255
( / ) ( / )
B Bnm nm
F N mm F N mm
λ λ∆ ∆= = −  2-27 
These values are higher than the theoretical obtained load sensitivity reported in the 
previous paragraph ( ,1' ,2 '0.067 , 0.0048
( / ) ( / )
B Bnm nm
F N mm F N mm
λ λ∆ ∆= = − ). In the 
opinion of the author, this could be caused by differences in transferred load 
between the test and support fibre, due to misaligned copper pins. 
 
 
Figure 2-16: Calibration device designed by Lawrence et al. using a leverage arm to load 
the fibre Bragg grating and one support fibre.[44]  
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Several authors [40, 44-47] used a similar test set-up as Wagreich et al.[38]; 
however, they eliminated the copper pins to avoid extra errors (Figure 2-16). 
Lawrence et al. [44] calibrated HiBi optical fibres existing of an inner cladding, an 
elliptical stress applying region and an outer cladding. A schematic of the fibre and 
the measured peak response when the load is oriented 75degθ = with respect to the 
1’-axis is illustrated in Figure 2-17. The response for different orientations of the 
load 0 180degθ = …  is depicted in Figure 2-18. 
 
F
2’
1’
Outer cladding
SAPs
Inner cladding
core
θ
λ1’
λ2’
 
Figure 2-17: Left, schematic of an elliptical cladding HiBi optical fibre. Right, the 
diametrical compressive load response for this type of fibre when the load is oriented 
θ = 75° with respect to the 1’-axis. [44] 
 
λ1’
λ2’
θ (°)  
Figure 2-18: Sensor response of an elliptical cladding HiBi optical fibre as a function of 
angle (θ) of applied load. [44] 
 
For some of the applied angles of rotation of the optical fibre, Lawrence et al. 
noticed a certain non-linearity in the peak response vs. the applied load. The 
possible explanation of rotation of the polarization axes due to the applied load has 
been proposed. For an unloaded elliptical cladding fibre, the orientation of the 
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principal optical axes is determined by the intrinsic birefringence generated by the 
elliptical stress applying region. Superimposed transverse loading will generate an 
additional extrinsic birefringence that may rotate the orientation of the principal 
optical axes. 
In order to estimate the magnitude of the transverse strains applied to the fibre 
during these experiments, a finite element model was used to compute the average 
strain in the core of the optical fibre as a function of applied transverse load. A plane 
strain assumption was chosen because of the long contact length between the clamp 
and the fibre (25.4mm) relative to the fibre diameter (125 µm). Lo et al. [48] 
indicated that this plane strain assumption is valid because the  length of the fibre is 
greater than a few centimeter. 
Lawrence et al. [44] used the curves in Figure 2-18 to define a K-matrix which 
contains the strain sensitivities determined during the upper described calibration 
procedure. 
,2' 2'
,1' 1'
B
B
K
λ ε
λ ε
∆⎡ ⎤ ⎡ ⎤=⎢ ⎥ ⎢ ⎥∆ ⎣ ⎦⎣ ⎦
    2-28 
 
In which 6
370 742
10
963 587
nmK µε
−− −⎡ ⎤= ⎢ ⎥− −⎣ ⎦
. 
Compared to the theoretical values (section 2. 4. 1. a.  ) determined for a single 
mode fibre, these parameters are almost doubled (Equation 2-29). 
2 2
0 11 0 12
6
2 2
0 12 0 11
1 1
185 4122 2 10
1 1 412 185
2 2
B
n p n p nmK
n p n p
λ µε
−
⎡ ⎤− −⎢ ⎥ − −⎡ ⎤= =⎢ ⎥ ⎢ ⎥− −⎣ ⎦⎢ ⎥− −⎢ ⎥⎣ ⎦
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in which Bλ = ,1'Bλ = ,2'Bλ . 
A possible explanation is the misalignment of the force which can be overcome by 
using two test fibres instead of one combined with a dummy fibre and taking the 
mean response of both sensors. 
Bosia et al. [45] used the same set-up to calibrate a bow-tie fibre and numerically 
checked the influence of the SAPs on the shape of the calibration curve. 
Figure 2-19 (a) shows that for a diametrical compression under a certain angle with 
the principal axis the wavelength shift is not linearly related to the diametrical 
compressive force. If a linear fitting is used on the wavelength shift vs. applied load 
big deformation of the calibration curve can be observed.( Figure 2-19 (b)) 
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θ
Figure 2-19: Left: schematic of a PM fibre subjected to diametrical compression. 
Right:(a) Numerically calculated Bragg wavelength shifts as a function of applied load 
for θ = 54 deg; (b) numerically calculated angular sensitivities of the PM-fibre sensor in 
diametrical compression, for F= 1 and 6 N mm-1. 
 
Experiments were executed and showed good similarity for the load sensitivity of 
the slow axis; the experimental load sensitivity for the fast axis is half of the one 
obtained via simulations. Assumed causes were investigated by changing the values 
of the Young’s modulus of the Borosilicate bow-ties, however no  satisfying results 
were found (Figure 2-20). Other possible explanations for the observed discrepancy 
are formulated as an oversimplified model of the loading configuration, or a 
displacement of the grating location in the core with respect to the geometrical 
centre of the fibre. 
 
θ  
Figure 2-20: Comparison between the experimentally measured and numerically 
calculated angular sensitivities of the fast and slow axes of a bow-tie fibre sensor for a 
maximum diametrical compression of (P= 1N mm-1) 
 
Mawatari et al. [49] altered the set-up of Lawrence et al. [44]. Their fixture employs 
two cantilever arms to magnify the forces generated by an offset cam driven by a 
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computer controlled stepper motor (Figure 2-21). A support (dummy) fibre and a 
test fibre containing a HiBi FBG were placed between two plates resting on a load 
cell. Guide pins (which can cause additional friction) were added to the loading 
block to prevent horizontal displacement of the plates. Transverse loading tests were 
conducted at different angles and over a range of loads up to 10 Nmm-1. Data at an 
angle of 0 deg and 135 deg were used to determine a similar K-matrix as defined by 
Lawrence: 
6294.4 377.7 10
275.8 277.7
nmK µε
−− −⎡ ⎤= ⎢ ⎥− −⎣ ⎦
  2-30 
However, bad results were obtained when using the gauge factors to determine the 
transverse strains (discrepancies from 10% to over 100% in cases where the 
magnitude of 1'ε and 2'ε was small). Mawatari et al. believed that the primary cause 
of these unacceptably large errors in predicting the strains from the wavelength 
shifts is the inadequacy of a linear model of λ∆ versus the transverse load at lower 
load levels. 
 
 
Figure 2-21: Calibration device designed by Mawatari et al. using a leverage arm to load 
the fibre Bragg grating and one support fibre. [49] 
 
Ye et al. [50] and Chehura et al. [27] used a completely different calibration set-up 
without a leverage arm to transfer the load onto the optical fibre. The fixture is 
designed to minimize fibre rotation while applying load to the fibres. The load 
applied to the fibres (through a rotating screw) was measured using a FUTEK 
miniature load button with a capacity of 222 N. As in previous cases, two fibres 
were used. The test fibre can be positioned using two fibre rotators in order to assess 
the influence of the fibre orientation relative to the load direction. 
Ye et al. [50] used the set-up to calibrate a bow-tie fibre (Figure 2-22). The 
measured load sensitivities and their standard deviations are plotted against the fibre 
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orientation in Figure 2-23. The transverse load sensitivities varied between -0.028 
and 0.122 nm/(N/mm-1) for the slow-axis mode. For the fast axis mode they varied 
between 0.016 and 0.056 nm/(N/mm). The amplitude of the load sensitivity 
variation with the fibre orientation for the slow-axis mode seems approximately two 
to three times higher than that for the fast-axis mode. 
 
 
Figure 2-22: Calibration device designed by Ye et al. using a load stamp to load the fibre 
Bragg grating and one support fibre. [50]  
 
 
Figure 2-23: Left: the Bragg wavelength versus transverse loading for the PM FBG with 
a fibre orientation of 0 deg. Right: the transverse load sensitivities as a function of fibre 
orientation for the slow and fast-axis modes for the PM FBG. [50] 
 
An extensive study was done by Chehura et al. [27] with the same set-up as Ye et al. 
[50]. They compared the sensitivities of different HiBi fibres (Figure 2-6) and tried 
to determine the most sensitive fibre type (Table 2-4). In this research only the load 
response of the different types of HiBi fibres were compared, as such it is difficult to 
compare the strain sensitivities of these fibres with the theoretically found values in 
2. 4. 1. a.. 
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Table 2-4: Maximum and minimum transverse load sensitivities of different HiBi FBG 
sensors for (a) slow and (b) fast axis [27]. 
 
 
Fernandez et al. [51] modified the set-up of Ye et al. [50] to a fully PC-controlled 
calibration set-up. The set-up is able to apply axial and transverse forces, rotate the 
fibre sensor and control the temperature next to the fibre. 
Guemes et al. [52] altered the set-up of Ye et al. and Chehura et al. [27, 50]. The 
guiding pins were removed to avoid all friction components. Two parallel LoBi 
fibres with Bragg gratings were used instead of one test fibre with dummy fibre. As 
such, averaging possible asymmetries due to misalignments in the applied loads can 
be done. No quantitative results were reported in this paper. The test set-up was also 
used by Suo et al. [53] to calibrate excessively tilted gratings (81 deg). The results, 
however, are of no importance to this work and are, therefore, not mentioned. 
 
 
Figure 2-24: Calibration device designed by Guemes using a load stamp to 
simultaneously load two fibre Bragg gratings. [52] 
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A similar set-up is used in this dissertation (Figure 2-25). A steel support base plate 
is used, on which a glass plate (30 mm x 80 mm)  is attached. Two FBGs are 
positioned in the middle of the glass plate with 70 mm of distance in between both 
FBGs (Figure 2-25, A). A polished load stamp (25 mm x 80 mm) made of stainless 
steel is used to transfer the load onto the fibres. A ball joint is used to overcome 
bending moments during calibration; only diametrically applied load is transferred 
(Figure 2-25, B). Four manual rotation stages (with an accuracy of 2 deg to 3 deg) 
are used (two for each fibre), to rotate the fibre (Figure 2-25, C). As will be 
discussed in the following paragraphs, after each calibration step the fibres will be 
rotated over 15 deg in 13 steps (from 0 deg to 180 deg). In between each calibration 
step the load stamp is lifted with a load release mechanism consisting of four pins. A 
sliding mechanism forces a simultaneous lift of all four pins (Figure 2-25, D). 
Experimental results of the load responses and determination of the strain optic 
coefficients (p11 and p12) and thus the strain sensitivities will be discussed in the 
following section. 
 
 
1. Transverse strain calibration
FBG 1
FBG 2
Glassplate
Support 
Base plate
A
 
 
 
 
 
C
Rotationstages
Load
 
 
D
Load release 
mechanism
 
 
Figure 2-25 (A, B, C, D): Different parts of the calibration device designed by Luyckx et 
al. using a load stamp to simultaneously load two fibre Bragg gratings. [54] 
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2. 4. 1. c.  Experiments and simulations 
Several 80 µm HiBi bow-tie fibres with Bragg grating (bow-tie FBG) from 
Fibrecore inc. ([20], Figure 2-8) were calibrated in the course of this dissertation. 
After several improvements to the design of the test set-up, an optimized calibration 
procedure consisting of three steps is suggested. 
In the first step (Figure 2-26) the optical fibres are positioned with random 
(unknown) orientation inside the calibration device. Due to this random positioning, 
both fibres will most probably not have the same orientation. A first calibration is 
performed in which the transverse load response of both FBGs (for each 15 degrees 
of orientation, θ in Figure 2-26) is measured and plotted. This transverse load 
response is measured for both slow and fast axis. The orientation of slow and fast 
axes can be determined from these first calibration curves. We determine the zeros 
of the slow axis calibration curve, sum the corresponding orientation angles, and 
divide this sum by two. (Figure 2-26) 
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Figure 2-26: Top: first step in the calibration method, the fibres are placed in the set-up 
with a random (unknown) orientation. Bottom: their transverse load response is 
determined for both fibre eigenaxes; the dashed line is the orientation of one of the 
eigenaxis. 
 
In the second step of calibration procedure, both FBGs are oriented along the same 
axis and a new transverse calibration step can be executed (Figure 2-27). From the 
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obtained calibration (load response) curves, one can see that the orientation of both 
FBGs is the same. Though, the load response of both FBGs differ significantly due 
to the misalignment of the load (FBG 2 experiences more load than FBG 1). Since 
both FBGs are written in the same batch of bow-tie optical fibre, the response 
should normally be almost equal. By taking the mean of the load response curves of 
both FBGs, one can overcome the misalignment of the load during the calibration 
procedure. 
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Figure 2-27: Second step in the calibration method. Fibres are placed with identical 
orientation and a transverse load calibration is performed. 
 
The mean calibration curve is depicted in Figure 2-28. These measurements indicate 
less sensitivity to transverse compressive load for the fast axis, which was also 
observed by other authors in similar experiments [44, 45]. Probably this is caused by 
the SAPs introduced in the cladding of the bow-tie optical fibre. Several authors 
[45, 55, 56] have done FE-simulations using considerably different material 
properties of the borosilicate doped regions (Young’s modulus and Poisson’s ratio) 
to explain the differences in the calibration curves. 
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Figure 2-28: The mean diametrically applied load response for the polarization modes of 
both FBGs. A sine fit of the calibration curves is determined (dashed line). 
 
The last step is fitting a sine through the mean experimental curves, to use this for 
determining the strain optic coefficients ( 11p , 12p ) of the calibrated optical fibre. 
The values of the load response curves of the slow and/or fast calibration curve at  
0 degθ =  and 90 degθ = are substituted in Equation 2-31 (both should give the same 
result). 
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In Table 2-5 the different FBGs for which this optimized transverse strain 
calibration set-up was used, are summarized. Each FBG was calibrated in pairs 
(1 and 2, 3 and 4). 
 
Table 2-5: Overview of the bow-tie fibres calibrated for transverse strains 
 FBG length
λB, fast 
[nm]
λB, slow 
[nm]
1 8 mm 1539.145 1539.542 
2 8 mm 1538.820 1539.203 
3 8 mm 1540.073 1540.465 
4 8 mm 1539.335 1539.736 
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The mean load response of the four FBGs for diametrically applied load is shown in 
Figure 2-29. Fitting a sine through the obtained data points gives 
( )( )0.043sin( ) 0.044 nm N mmθ + for the fit of the load response of the fast axis and 
( )( )0.109 sin( ) 0.062 nm N mmθ + for the load response of the slow axis. 
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Figure 2-29: The mean curves of both polarization modes of the transversally calibrated 
FBGs. The dashed line is the sine fit for both curves. 
 
Since the mechanical properties of the SAPs and the core/cladding of the bow-tie 
fibre are significantly different (Table 2-1), it should be remarked that the strain 
field induced by a compressive load along the fast axis is not equal to the strain field 
induced by a compressive load along the slow axis (Figure 2-30). The FE-model of 
Figure 2-9 can be used to determine the strains in the core of the optical bow-tie 
fibre (Table 2-6). 
 
Figure 2-30: The strain field induced in the core of the bow-tie optical fibre by the 
compressive load is different when the load is parallel to one of the two axes. ( 0 degθ =  
and 90 degθ = ) 
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Table 2-6: The strain field induced in the core of the bow-tie optical fibre by a 
compressive load. 
Load direction parallel  
with 
slow axis fast axis 
ε1’   [µε] 218.3 170.7 
ε2’   [µε] -327.6 -417.9 
 
By substituting the values of Table 2-6 into Equation 2-31, the strain optic 
coefficients ( 11p , 12p ) are found. By using one time the slow and then the fast load 
response curve, we should find the same resulting coefficients, which is not the case 
(Table 2-7). A difference of ~31% is found for the p12 and ~15% for the p11. 
 
Table 2-7: The strain optic coefficients found using the calibration curves of both 
polarization modes. 
Load response Slow axis Fast axis 
p11 0.108 0.092 
p12 0.292 0.223 
 
When using Equation 2-31 one should know the exact strain field ( 1'ε  and 2'ε ) 
induced in the fibre core by the compressive load (F). Though, due to the unknown 
mechanical properties of the SAPs used in the cladding of the optical fibres, it is 
extremely difficult to determine the right strain optic coefficients. 
 
A second disadvantage is the significant rotation of the optical eigenaxes of the HiBi 
optical fibre for a certain relative angle (e.g. θ = 30 deg in Figure 2-31) for high 
diametrically applied loads. 
 
Figure 2-31: A diametrically compressed fibre leads to induced strain components along 
the 1’ ( 1'ε ) and 2’-axis ( 2 'ε ). These strains can cause a rotation of the optical eigen-axes 
of the fibre which are defined by the residual strains ( ,1'Rε  and ,2 'Rε ) already present in 
the core of the HiBi-fibre. 
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As discussed before, stress induced HiBi optical fibres have a certain residual strain 
field ( [ ]Rε ) present in the core of the optical fibre (2. 3. 2. a.). When diametrically 
loading the fibre, a second strain field is induced in the core ( [ ]Fε ). By using 
superposition of both strain fields ( [ ]Rε  and [ ]Fε ), the total strain field [ ]totε  
according to the 1- and the 2-axis in Figure 2-31 is found to be: 
[ ] [ ] [ ][ ][ ]Ttot F Ra aε ε ε= +     2-32 
In which [ ]a is dependent of the angle θ in Figure 2-31 and can be defined for a 
plane strain assumption as: 
[ ]
( ) ( )
( ) ( )
cos sin 0
sin cos 0
0 0 1
a
θ θ
θ θ
⎡ ⎤⎢ ⎥= −⎢ ⎥⎢ ⎥⎣ ⎦
    2-33 
From the total strain field ([ ]totε ) in which a shear component is present, the new 
principal direction (90 deg - θ’) of the slow axis relative to the diametrically applied 
load can be found. For high diametrically applied loads this will significantly differ 
from the original one (90 deg - θ, Figure 2-32).  
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Figure 2-32: Change of the relative orientation of the diametrically applied load and the 
slow axis 
 
Using the principal strains of the total induced strain field [ ]totε , one can define the 
theoretical response for a diametrically loaded fibre when the load is oriented 
(90 deg – θ deg) with respect to the slow axis. A clear non-linear response can as 
such be calculated which is also visible in the experimental results (Figure 2-33). 
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Figure 2-33: Left: experimental response when load is diametrically applied under an 
angle of 30 deg with the 1’-axis. Right: theoretically determined response when load is 
diametrically applied under an angle of 30 deg with the 1’-axis. 
 
When linearly fitting the curves of Figure 2-33 and determining the load response, 
big errors can be observed for high diametrically applied loads. In Figure 2-34 the 
theoretical load response curves are given when diametrically loading the fibre from 
0 to 0.1 N/mm, from 0 to 1.5 N/mm, and from 0 to 3 N/mm. By increasing the 
maximum diametrically applied load, the load response curves differ more and more 
from a perfect sine.  
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Figure 2-34: theoretically determined calibration curves for small to high diametrically 
applied loads F = 0.1 to 3 N/mm 
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Based on the difficulties in calibrating HiBi optical fibres, the author suggests to use 
the presented calibration procedure and calibrate uni-axial FBGs (shot in a low-
birefringent SMF) with exactly the same fibre core (mechanical and optical) material 
properties as for the HiBi optical fibre. As such, the asymmetric straining effect 
caused by the SAPs of the optical fibre is eliminated. For LoBi fibres (i.e. isotropic 
fibres) one can easily relate the diametrically applied load with the strain state inside 
the optical fibre core (Section 2. 4. 1. a.  ). As this is a uni-axial FBG, only one 
Bragg peak is back reflected (black spectrum in Figure 2-35). A certain preload is 
necessary to induce enough differential transverse strain to split up the spectrum 
(from red to green, and finally to the blue spectrum in Figure 2-35). From this 
moment on both Bragg peaks become distinguishable and the transverse load 
response can be determined. 
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Figure 2-35: Spectra of a diametrically loaded uni-axial LoBi fibre. Initially one Bragg 
peak is visible (black curve), after a certain diametrically applied preload both 
polarization modes reflect part of the light resulting in two Bragg peaks. 
 
Relating these experimental results with the expected induced strain state in the core 
of the SMF, one can determine the strain optic coefficients of the optical fibre using 
the following equation. 
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   2-34 
Measurements were done for four different orientations of the fibre (every 
θ = 90 deg). Good results are obtained for the experimentally determined 
coefficients p11 and p12 (Table 2-8, [18]) as compared with Bertholds and Dändliker 
[17].  
 
Table 2-8: Experimentally determined result obtained by diametrically calibrating a 
uni-axial FBG. 
Orientation 0° 90° 180° 270° Mean 
p11 [-] 0.120 0.116 0.110 0.099 0.111±0.008 
p12 [-] 0.270 0.255 0.237 0.226 0.247±0.017 
2. 4. 2.  Axial strain calibration 
2. 4. 2. a.  Strain components in the core of a LoBi optical fibre. 
In an axial calibration, a situation of pure axial stress is created (Figure 2-36). 
2' 1'
3'
0
0
σ σ
σ
= =
≠      2-35 
 
Figure 2-36: Optical fibre  loaded with pure axial stress 
 
As a result, a constant strain state is created in the core of the optical fibre, which 
exists of the following strain components 
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By substituting the transverse strain components in Equation 2-21, one finds the 
axial strain dependency defined in Equation 2-13. 
( )
,1' ,2 '
3 '
,0 ,0
2
12 11 12
(1 )
1
2
B B
B B
eff f
P
P n p p p
λ λ ελ λ
ν
∆ ∆= = −
⎡ ⎤= − +⎣ ⎦
   2-37 
In section 2.4.2.c., an experimentally determined axial strain gauge factor P will be 
compared with the one calculated using the strain optic coefficients 11p  and 12p  
determined in the transverse strain calibration (2.4.1.). 
2. 4. 2. b.  Axial calibration test set-up 
According to Window and Holister [57], a classical electrical resistance strain gauge 
sensor is often calibrated using the cantilever beam method. In this method, the 
sensor to be calibrated is bonded to a host beam with accurately known geometrical 
and material parameters. Depending on the material properties of the test sensor, 
bonding the test sensor onto the host structure will likely make it unusable after 
calibration. This is because reusing the sensor would require de-bonding it from the 
host structure, and in this process, it is likely to get damaged. Non-reuse of the test 
sensor may not be a problem for sensors that are made in batches with a given 
tolerance. However, for one-of-a-kind sensors, and for sensors for which precise 
calibration values are necessary, it would be highly desirable to be able to reuse the 
sensor following calibration.  
In this work we are more interested in calibration methods for sensors based on 
optical fibre Bragg grating technology. Several authors have done such calibrations, 
only a very short overview is given. Abe et al. [58] fixed the fibre between two 
displacement stages, where a known deformation can be applied by a calibrated 
micrometer. The longitudinal strain sensitivity of an internal elliptical cladding fibre 
was found to be 1.30 pm/µε and 1.39 pm/µε for the fast-axis for both sensors 
(1535 nm and 1547 nm) and respectively 1.39 pm/µε and 1.36 pm/µε for the slow 
axis. It seems rather odd that for one grating the strain sensitivity of the fast axis is 
higher than the strain sensitivity for the slow axis. No measurement errors were 
given, which makes it difficult to conclude. Secondly, rather high sensitivities were 
observed, which can be caused by the influence of the coating during the calibration 
test. The calibration of a coated fibre, a partially coated fibre, or a non-coated fibre 
will give totally different results. 
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The same set-up was used by Zhang et al. [59]. The authors described the 
experimental measurements of the temperature and strain sensitivities of three 
common types of commercially available HiBi fibres (bow-tie, Panda, elliptical 
core) without Bragg grating inscribed by using a polarimetric method [60]. A 67 cm 
long optical fibre was attached to two height adjustable rods by means of an epoxy 
glue. One rod was positioned on an aluminum base plate and another on a 
translation stage driven by a stepper motor, which was also positioned on the same 
base plate. Each step elongates the fibre 2,5 µm. The results of this research cannot 
be used to compare our own results since no FBG was written in the HiBi FBGs. 
Abdi et al. [61] created a fibre optic Fabry-Perot interferometer strain gauge 
calibration set-up to characterize the displacement, linearity and hysteresis of a 
mono-morphic piezoelectric actuator (Figure 2-37). The strain gauge factor of an 
electrical resistance strain gauge was determined too.  
 
 
Figure 2-37: The physical layout of the Fabry-Perot interferometric strain gauge 
calibration system. The system is composed of two sensor holders (SH#1 and SH#2) 
positioned on a groove. SH#2 is kept fixed using an adjustable side screw (tensioner). 
The test sensor is held by SH#1 and SH#2.[61] 
 
The reported results show that the measured strain gauge factor is within 2% of the 
manufacturer’s value, with a standard deviation of ±1.6%. The proposed set-up is 
not as accurate compared to interferometric strain/displacement gauge or batch 
electrical resistance strain gauge measurements, typically given to be within ±0.5%. 
However, the set-up is reasonably accurate, as shown above, particularly for cases of 
one-of-a-kind sensors and/or for cases when the strain gauge factors are not 
available or given. 
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The author of this work chose to use a method of fixing the optical fibre at one side 
on a stationary base plate and on the other side to a displacement stage controlled by 
a micrometer (with an accuracy of 5 µm). During calibration the FBG is covered to 
avoid temperature swings. The initial length of the fibre is ~500 mm. (Figure 2-38) 
 
Detail of Stationary base plate Detail of Displacement stage
Fixation optical fibre Fixation optical fibre
Stationary base plate Displacement stage
FBG Cover
≈500 mm
Micrometer
 
Figure 2-38: Pure axial calibration set-up. At one side the optical fibre is fixed to a 
stationary base plate and on the other side to a displacement stage controlled by a 
micrometer. 
2. 4. 2. c.  Axial calibration experiments and simulations 
Experiments were done on several bow-tie FBGs with different wavelengths. 
An overview of the calibrated fibres is given in Table 2-9. 
 
Table 2-9: Overview of the axial calibration of stripped fibres[62] 
   Sensor 1 Sensor 2 
 
FBG 
length 
no. of 
FBGs 
λB, fast 
[nm] 
λB, slow 
[nm] 
λB, fast 
[nm] 
λB, slow 
[nm] 
1 8 mm 1 1544.072 1544.432
2 8 mm 1 1544.008 1544.367   
3 8 mm 1 1544.192 1544.552   
4 8 mm 2 1540.184 1540.544 1560.000 1560.368 
5 8 mm 2 1540.344 1540.704 1559.992 1560.360 
6 8 mm 2 1540.320 1540.688 1560.080 1560.448 
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The axial strain sensitivity and the strain gauge factors (1-P) of all these FBGs to a 
pure axial stress are given in Table 2-10. Little variations are found in the axial 
calibration results for the different FBG samples. Though, for all samples, the strain 
sensitivity of the fast polarization mode is 0.01 pm lower than for the slow 
polarization mode. This difference can be explained by using the obtained strain 
optic coefficients (p11 and p12) found during a transverse strain calibration and 
calculate the corresponding P. Therefore, a 3D FE-model was built with the same 
cross section and mechanical material properties as the 2D FE-model of Figure 2-9. 
The FE-model consists of 818 linear hexahedral elements of type C3D8RT for the 
sections of the core and SAPs and 77688 linear wedge elements of type C3D6T for 
the section of the cladding. The model is loaded with a pure axial stress. The results 
of this via FE-model calculated axial strain sensitivity can be found in Table 2-11. 
Good similarity is found between the experimentally and theoretically determined 
sensitivities, which is a validation of the experimentally obtained strain optic 
coefficients (p11 and p12). 
 
Table 2-10: Overview of the results of the calibrated fibres 
λB, fast 
 
Strain 
sensitivity 
fast axis 
(1-P)fast 
λB, slow 
 
Strain 
sensitivity 
slow axis 
(1-P)slow 
[nm] [nm/µε] [-] [nm] [nm/µε] [-] 
1544.072 1.22 0.790 1544.432 1.23 0.796 
1544.008 1.22 0.790 1544.367 1.23 0.796 
1544.192 1.22 0.790 1544.552 1.23 0.796 
1540.184 1.22 0.792 1540.544 1.23 0.798 
1540.344 1.21 0.785 1540.704 1.22 0.792 
1540.320 1.21 0.786 1540.688 1.22 0.792 
1560.000 1.23 0.788 1560.368 1.24 0.795 
1559.992 1.23 0.788 1560.360 1.24 0.795 
1560.080 1.23 0.788 1560.448 1.23 0.788 
Mean  0.789   0.794 
Standard dev.  ±0.002 ±0.003 
 
Table 2-11: Theoretical result of an axially calibrated bow-tie fibre using a 3D FE-model 
λB, fast 
 
Strain 
sensitivity 
fast axis 
(1-P)fast 
λB, slow 
 
Strain 
sensitivity 
slow axis 
(1-P)slow 
[nm] [nm/µε] [-] [nm] [nm/µε] [-] 
1550 1.242 0.801 1550.4 1.248 0.805 
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Remark that big errors can be made in axial strain sensitivity when the fibre is only 
partially (at the position of the grating, e.g. 3 cm) stripped. To compare with the 
previous results a bow-tie fibre with an acrylate coating was stripped at the FBG 
before axial calibration (Table 2-12). The results, which are significantly higher than 
those of the stripped fibres are shown in Table 2-13. 
 
Table 2-12: Overview of an axial calibration of a partially stripped fibre 
 FBG length 
no. of 
FBGs 
λB, fast 
[nm] 
λB, slow 
[nm] 
1 8 mm 1 1544.493 1544.913 
 
Table 2-13: Overview of the results of an axial calibration of a partially stripped fibre 
λB, fast 
 
Strain 
sensitivity 
fast axis 
(1-P)fast 
λB, slow 
 
Strain 
sensitivity 
slow axis 
(1-P)slow 
[nm] [nm/µε] [-] [nm] [nm/µε] [-] 
1544.493 1.24 0.802 1544.913 1.25 0.809 
2. 4. 3.  Temperature calibration 
2. 4. 3. a.  Strain components in the core of a LoBi optical fibre. 
 
 
Figure 2-39: Optical fibre under a homogeneous temperature load 
 
In a temperature calibration experiment we want to measure the thermo-optic 
coefficient nα of the optical fibre for a known thermal expansion coefficient 
6 10.55 10f
K
α −= i  and a certain Bragg peak wavelength. The wavelength shift as 
function of temperature change is given by the following: 
( ),1' ,2'
,1' ,2 '
B B
f n
B B
d d
dT
λ λ α αλ λ= = +    2-38 
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In most cases temperature changes are relatively small so that the differentials can 
be replaced by differences (d into ∆). Equation 2-38 can thus be reorganized in 
,0
B
n f
B
T
λ
α αλ
∆⎛ ⎞⎜ ⎟∆= −⎜ ⎟⎜ ⎟⎝ ⎠
    2-39 
From which nα  can easily be calculated when the wavelength shift has been 
experimentally determined as a function of temperature change. It should be noted, 
that the expansion coefficient fα is constant over a high temperature range [63], 
however, the thermo-optic coefficient nα  is temperature dependent ( n aT bα = + , 
[64]). Therefore, when considering high temperature ranges, a more accurate 
equation is necessary. By substituting this linear dependency in Equation 2-38, it can 
be written as: 
,1' ,2 '
,1' ,2 '
( )B B f
B B
d d
dT aT b dT
λ λ αλ λ= = + +    2-40 
By integrating Equation 2-40, one find the following equation 
2
,1' ,2'ln( ) ln( ) 2B B f
aT bT T Cteλ λ α= = + + +   2-41 
When considering a definite integration of Equation 2-40 between two limits (T0 and 
T). Accordingly, Equation 2-41 can be written as 
,1' ,2 ' 2 2
0 0 0
,1' 0 ,2 ' 0
( ) ( )
ln ln ( ) ( ) ( )
( ) ( ) 2
B B
f
B B
T T aT T b T T T T
T T
λ λ αλ λ
⎛ ⎞ ⎛ ⎞= = − + − + −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
2-42 
Equation 2-42 can be rewritten as 
( ) ( )
0
,1' 2 2
2 0 1 0
,1' 0
( )
ln
( )
B
B
T
S T T S T T
T
λ
λ
⎛ ⎞ = − + −⎜ ⎟⎜ ⎟⎝ ⎠
  2-43 
In which S1 is the sum of fα  and b and S2 equals 2a . 
2. 4. 3. b.  Temperature calibration test set-up 
Little variation in different set-ups was found in literature since this calibration 
method is quite straightforward. A sensor free to expand is loaded with a 
temperature cycle, in several steps the temperature is stabilized and a Bragg peak 
measurement is done (Figure 2-40). 
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Figure 2-40: Left: fibre Bragg grating prepared to do a temperature calibration cycle. 
Right: the set-up of the calibration test set-up at FOS&S used in this dissertation. The 
cycle of the calibration test is shown on the computer screen. 
2. 4. 3. c.  Temperature experiments and simulations 
The temperature calibration results are summarized in Table 2-14. The results are 
considered for small temperature changes. A small difference in nα  exists for slow 
and fast axes. These differences can be due to the use of Equation 2-39 in which a 
constant fα  is used, while due to the presence of the SAPs in the cladding probably 
the expansion of the fibre will lead to different strain components for the 1’-axis 
(slow) and the 2’-axis (fast) (i.e. anisotropic thermal expansion). In theory, the 
opposite of the phenomena by which birefringence is built up during fibre 
manufacturing should happen. From these results, it is clear that the response of the 
fast polarization mode  is somewhat higher than for the slow polarization mode due 
to a release of the residual strains inside the optical fibre. 
To determine the wavelength independent temperature sensitivies (S1 and S2) of 
Equation 2-43, an extra temperature cycle was considered in which the temperature 
is changed from -40 °C up to 140°C. The wavelength shifts for both polarization 
modes as function of temperature can be found in Figure 2-41. Evaluating this 
results according to Equation 2-42, the S1 and S2 are found (Table 2-15). The results 
are slightly bigger than for the linearized model. A part of the differences are caused 
by the influence of thermal expansion of the fibre which is not included in the 
linearized nα . 
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Table 2-14: Overview of the results of the calibrated fibres 
λB, fast 
 
Temperature 
response 
fast 
,n fastα  λB, slow 
 
Temperature 
response 
slow 
,n slowα  
[nm] [pm/°C] [-] [nm] [pm/°C] [-] 
1544.072 10.61 6.32E-06 1544.432 10.25 6.09E-06 
1544.192 10.50 6.24E-06 1544.552 10.15 6.02E-06 
1540.184 10.51 6.27E-06 1540.544 10.15 6.04E-06 
1540.344 10.46 6.24E-06 1540.704 10.11 6.01E-06 
1540.320 10.53 6.28E-06 1540.688 10.17 6.05E-06 
1560.000 10.59 6.24E-06 1560.368 10.17 5.97E-06 
1559.992 10.57 6.23E-06 1560.360 10.20 5.99E-06 
1560.080 10.62 6.26E-06 1560.448 10.23 6.01E-06 
Mean  6.26E-06   6.02E-06 
Standard dev.  ±3.1E-8   ±3.7E-8 
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Figure 2-41 Wavelength shifts of a temperature calibration of a bow-tie optical fibre 
with Bragg grating. 
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Table 2-15 The wavelength independent temperature sensitivities for both polarization 
modes of an optical bow-tie fibre with Bragg grating  
 S1 S2
 [10-6] [10-9] 
Fast axis 6.528   6.167 
Slow axis 6.167  6.482 
 
2. 5.  CONCLUSIONS 
FBGs can be seen as the optical counterpart of electrical resistance strain gauges 
with a lot of advantages in favor of the optical alternative. They are used in a similar 
way as electrical resistance strain gauges, though, they are sensitive to all strain 
components acting on the Bragg grating. The spectral response of an FBG exposed 
to a multi-axial strain field load was theoretically determined using the photo-elastic 
effect. For a LoBi fibre, axial strain and thermal loading cause the Bragg peak 
wavelength to homogenously shift to higher wavelengths, transverse strains cause a 
broadening of the Bragg peak response, which will eventually split in two separate 
Bragg peaks. Thus, the LoBi fibre is becoming highly birefringent. The theoretical 
discussion of the photo-elastic effect identified that measuring shear deformation 
will be impossible. 
A distinction is made between LoBi fibre with FBG (which have a single Bragg 
peak response) and HiBi fibre with FBG (which have a double Bragg peak response, 
one for each polarization mode of the light). FE-simulations have proven that for the 
stress induced hiBi fibres, the shape, the dimensions, and the position of the SAPs 
have an influence on this birefringence. Since both Bragg peaks of the HiBi fibres 
with FBG act differently for a strain field in the core of the optical fibre, these 
sensors can be used for multi-axial strain measurements.  
It is clear that these FBGs need calibration prior to usage as strain and/or 
temperature sensor. To fully characterize the (transverse and axial) strain response 
of an FBG, one needs to determine the strain optic coefficients (p11 and p12). 
Therefore a transverse strain calibration is already sufficient, though, an axial 
calibration can be used as validation. After a literature review of several authors who 
designed a transverse calibration set-up and considering the advantages and 
disadvantages of each set-up, the author designed his own set-up and calibration 
procedure. The set-up is made of a base plate on which a flat glass surface is glued. 
A stamp without friction is placed on top of two FBGs to diametrically load the fibre 
with only 0.3 N/mm to avoid big errors because of the rotation of the optical eigen 
axes of the HiBi fibre. Next, one should also be aware of the errors that can be made 
using a single test fibre. To omit the influence of the possible misalignment of the 
line load, one should use two test fibres and take the mean of both measurements. 
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Three steps were considered in the calibration procedure; a first step in which both 
HiBi fibres have a random orientation and in which the orientation of both HiBi 
fibres is determined; a second step in which both gratings are given the same 
orientation and the load responses are measured and averaged (to overcome errors 
due to a misaligned diametrical load); and a third and final step in which the load 
response curves are sine fitted. Calibration of several bow-tie fibres with FBG 
proved the feasibility of the transverse strain calibration set-up. However, poor 
results were obtained when the strain optic coefficients were determined using the 
load response curves. This was caused by the unknown mechanical properties of the 
SAPs in the bow-tie fibre. To overcome this problem, the same procedure was 
proposed using a LoBi fibre with FBG which has the exact same mechanical as well 
as optical properties as the HiBi fibre. The resulting strain optic coefficients of this 
single axial FBGs showed good similarities with previously found results of 
Bertholds and Dändliker. 
These strain optic coefficients were validated in an axial strain calibration method. 
The set-up used for these calibrations consists of a stationary base plate and a 
displacement stage which is controlled by a micrometer. The author remarked that 
the fibre with FBG needs to be completely stripped, otherwise the axial strain 
sensitivity turns out to be too high (~3% for an acrylate coated fibre, with an initial 
length of ~500 mm and 30 mm stripped FBG).  
The temperature calibration set-up was straightforward and did not need to be 
discussed in detail. The temperature sensitivity was found to be slightly higher for 
the slow axis than for the fast axis. It should be remarked that temperature 
compensation is necessary whenever the strain components are measured with 
FBGs. 
This type of sensor (FBG inscribed in a HiBi-fibre) enables the measurement of two 
Bragg-wavelengths and hence yields the potential of determining two strain 
components. However, to determine the 3D-strain components which exist along the 
main axes of the fibre, at least 2 sensors of this type are required. Two FBG sensors 
would yield 4 measurable wavelengths which theoretically allow the determination 
of a fourth parameter (e.g. temperature) as well. In the next chapter several 
configurations using two gratings will be discussed. 
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Chapter 3 : MULTI-AXIAL STRAIN SENSOR 
 
In Figure 3-1 the structural health monitoring scheme of Chapter 1 is repeated, and 
the multi-axial strain sensor is highlighted. In this chapter, the need for such a 
sensor is evaluated. Afterwards, a multi-parameter or multi-axial strain sensor 
based on optical FBGs is designed. A diverse response for the parameters of interest 
(axial strain, transverse strain, and temperature) is aimed for. 
 
 
Figure 3-1: Flow chart of the different steps necessary for structural health monitoring 
using an embedded optical fibre sensor. The necessary multi-axial strain sensor is 
highlighted. 
 
3. 1.  INTRODUCTION 
Fibre optic Bragg grating sensors are mostly used for longitudinal strain 
measurements and are, as such, well documented in literature [1-7]. They have 
found increased use in surface monitoring of mechanical components as well as civil 
structures. However, by embedding these sensors in e.g. composite structures it is 
feasible to obtain strain data from the inside of the material, which has two 
important advantages compared to surface mounted sensors. The first is the 
protection of the sensor from environmental effects, excluding the need for a 
protective coating. Secondly, the measurement is taken inside the material which is 
favorable for structural health monitoring and detecting damage of e.g. composite 
structures. 
Embedded sensors are exposed to the total strain field present inside the structure 
which makes interpretation of the sensor response not straightforward. Since 
transverse strain components can and will be present in the material (Figure 3-2), 
their influence on the Bragg peak response should be estimated which is impossible 
using the direct reflected spectrum of uni-axial FBGs. Transverse strain and force 
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measurements with uni-axial FBGs are, however, possible, based on the 
identification of the differential group delay and polarization dependent loss [8, 9]. 
Though, these methods are very intricate to implement in practical structural health 
monitoring schemes. Therefore this chapter focuses only on the use of HiBi fibres 
with Bragg grating. 
 
εz
εz
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Figure 3-2: The influence of the transverse strain components onto the embedded optical 
fibre sensor. 
 
Transverse strains are likely to occur in thick-walled composite specimens subjected 
to out-of-plane loading. As an example, a curved composite beam subjected to 
torque loading introduces a complex stress field inside the material (Figure 3-3). 
 
 
Figure 3-3: Curved composite structure subjected to torque loading , which introduce a 
complex stress field inside the material. 
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An example of critical areas in a composite structure are the stiffener-to-skin joints 
of a fuselage. A complex strain pattern exists due to load transfer in these joints 
(Figure 3-4) 
 
Stiffner
Skin
 
Figure 3-4: Schematic of an omega shaped stiffener, highlighting the regions of interest 
for measuring the total strain field during flight [10]. 
 
Complex strain monitoring of an in-service structure would greatly enhance the 
insight and confidence in the (long-term) behaviour of high performance composite 
structures. The feedback from recorded loads, deformations and temperatures of 
(parts of) existing structures in real conditions (i.e. structural health monitoring), can 
lead to very valuable information for design conditions. 
Designing a multi-parameter or multi-axial strain sensor based on optical FBGs 
should meet several basic requirements:[11] 
• The optical fibre sensor should show a high sensitivity for all the 
strain components. The sensitivity of an FBG sensor for various 
strain components was already discussed in Chapter 2. 
• The optical fibre sensor should be designed such that it shows a 
diverse response for the parameters of interest (axial strain, 
transverse strain, and temperature). This resolving power should 
be high enough to make possible distinction between the different 
strain components and if needed also temperature.  
• The optical fibre sensor should reduce the composite distortion as 
much as possible. This topic will be discussed in Chapter 4. 
• The coating of the optical fibre sensor should be able to provide a 
good longitudinal strain transfer between the composite structure 
and the glass fibre itself. This topic will be discussed in Chapter 4. 
• It is of vital importance that the optical fibre sensor survives the 
composite manufacturing process (high temperature and pressure 
loading during curing in a autoclave process). The response of the 
sensor during curing will be discussed in Chapter 6. 
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• The optical fibre should be resistant to the loading conditions of 
the composite structure, since it is impossible to repair a broken 
optical fibre inside a structure. The optical fibre sensor should 
remain functional for the life of the structure. The failure strain of 
an optical fibre reaches up to 5% [12-15] which is more than high 
enough in normal operating conditions. 
 
In this chapter, first, a literature overview on multi-parameter strain sensing is given. 
Secondly, a new sensor design for measuring the total strain field (axial and two 
transverse components) with embedded FBGs is proposed. In addition the strain 
resolution of this sensor and a feasibility study (combined FE modeling and 
experiments) are discussed. 
3. 2.  MAPPING MULTI-COMPONENT STRAIN FIELDS: A 
LITERATURE REVIEW 
In this section a literature review on how different authors measure  multi-parameter 
strain or load components is given. The different approaches can be subdivided in 
configurations in which multiple LoBi fibres with FBG are used and designs based 
on HiBi-fibres with FBGs. Whenever possible, the notation of the cited authors is 
altered to the one used in this work to simplify comparison between the different 
presented configurations. 
Similar to conventional electrical resistance strain gauges, FBGs can be applied in a 
rosette configuration (Figure 3-5) [16-18]. A rosette consists of three sensors and is 
designed to determine the direction and magnitude of the principal in-plane strains. 
The advantage of using the optical counterpart of this rosette is the reduction of 
wiring and size of such an ‘electrical’ rosette. An electrical strain gauge rosette 
needs at least 6 electrical wires per sensor while the optical one needs only one 
optical fibre. The minimum dimensions are restricted by the minimum bend radii of 
the fibre needed to avoid too many bending losses. 
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Figure 3-5: Left, FBG rosette (∆-configuration) with temperature compensation.[16]. At 
the right, a classical electrical strain gauge rosette (W-configuration). 
 
Fernandez et al [19] used and calibrated 8 multiplexed uni-axial FBGs mounted on 
an elastic transducing body to work as a compact multi-component force sensor 
(measuring longitudinal force and torque). The design is based on a Maltese-cross-
shaped elastic transducer (Figure 3-6). 
 
 
Figure 3-6: Up, schematic view of a multi-component force sensor (Force and torque) 
based on eight multiplexed FBG strain sensors [19].  
 
Both designs (strain rosette and Maltese-cross) can be attached to the surface of a 
structure and respond to the in-plane strain components present at the surface. 
However, to measure the internal strain field of the structure, embedded sensors are 
needed. 
Matrat et al. and Levin and Matrat [20, 21] tried to determine the in-plane strains of 
a composite specimen by embedding four optical fibres with Bragg grating parallel 
to the reinforcing fibres in the 0 deg, +45 deg and 90 deg plies of a quasi-isotropic 
graphite–epoxy laminate. This sensor configuration has only numerically been 
demonstrated to be viable for point-like measurements of in-plane strains and 
temperature change. The largest error in the determined in-plane strain components 
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was in all cases less than 3%. However, to determine the temperature change, one of 
the four sensors must have a significantly different response to temperature. When 
the fibres are embedded with a distance of at least two plies in between, no 
significantly disturbing effect from one sensor to the others was observed. 
 
Figure 3-7: Three dimensional scheme close-up of a sensor configuration for measuring 
in-plane strain and temperature in a composite laminate [20].  
 
The previous discussed sensor configuration is not able to measure the out-of-plane 
transverse strains, though they are claimed to give a good estimate of the in-plane 
strains at a certain location. To measure the transverse out-of-plane strains uni-axial 
FBGs are not sufficient and should be replaced by multi-axial strain FBGs. Not all 
of the reviewed configurations reported in the following paragraphs have the 
intention to measure one or more strain components. However, they will be 
discussed since they were considered for the new designed sensor configuration. 
Suo et al. [22] fabricated highly tilted (81 deg) fibre Bragg gratings (Figure 3-8). 
These tilted fibre Bragg gratings (TFBGs) have a periodic refractive index change 
which is no longer perpendicular (0 deg) with respect to the optical fibre. Suo et al. 
experimentally observed a pronounced polarization mode splitting effect caused by 
the grating. They further investigated the polarization property of such gratings 
under transverse load and found that TFBGs with excessively tilted structures 
exhibit distinctive directional polarization mode coupling behaviour under 
transverse load (Figure 3-9). When load is applied to the equivalent slow axis of the 
TFBG, the light coupling to the two polarization modes is changing accordingly 
with the load, thus providing a mechanism to measure the amplitude of transverse 
load. However, when load is applied to the grating’s equivalent fast axis, no light 
coupling change is observed. As the load induces the transmission loss change, it is 
possible to measure a load change as small as 1.6 × 10−5 kg. By employing multiple 
TFBGs with their slow axes pointing to different angles, an optical fibre load sensor 
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system could be developed with the capability of not just measuring the amplitude 
but also recognizing the direction of the applied load. However, the disadvantage of 
such a sensor is the dependency of the FBG response to the light power. Bending 
losses or changes in the source power could, as such, give rise to big errors in the 
measurement results! An additional difficulty is related to mass fabrication of such 
gratings. 
 
 
Figure 3-8: Schematic diagram of an 81◦ TFBG with its two orthogonal polarization 
axes [22]. 
 
 
Figure 3-9: (a) Schematic overview of the transverse loading experiment system. The 
cross section of the TFBG with transverse load applied along slow (b) and fast (c) axes. 
Transmitted light power for the two orthogonal polarization modes measured using a 
tunable laser and power meter with the load applied along the equivalent slow axis.[22] 
 
Chen et al. [23] produced a fibre Bragg grating in a novel HiBi-fibre (quasi-
rectangle bow-tie fibre depicted in Figure 3-10) and demonstrated its feasibility 
towards measurement of temperature and gas pressure (which can be seen as a 
homogenous transverse load onto the fibre). The grating has two Bragg wavelengths 
and the difference between them is 0.77 nm at room temperature. The two Bragg 
wavelengths of the grating have different temperature sensitivities and almost the 
same hydrostatical pressure sensitivity which indicates that the grating can be used 
to measure temperature and hydrostatical pressure simultaneously. The 
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measurements of temperature and pressure deviated less than 1°C and 0.5 MPa from 
the set values.  
 
Figure 3-10: Cross-section of the ‘‘quasi-rectangle’’ Hi-Bi fibre. The two dark spots are 
the SAPs. [23] 
 
Silva et al. [24] configured a sensing head based on two fibres with Bragg grating 
arranged in a twisted configuration to measure three parameters simultaneously, 
namely temperature, strain, and transverse load (Figure 3-11). One of the gratings is 
written in a HiBi-fibre and provides two distinct spectral signatures, which together 
with the signature of the second grating and the geometric characteristics of the 
sensing head dispose of the degrees of freedom required to achieve the simultaneous 
measurement functionality. The resolutions achieved with this configuration for the 
measurement of temperature, strain and transverse load are ±3.1 °C, ±46 µε and 
±0.01 N/mm, respectively. The biggest disadvantage in embedding this sensor type, 
is the unknown interaction between both gratings. 
 
 
Figure 3-11: Multi-parameter sensor based on two twisted fibres with Bragg grating 
[24]. 
 
Sirkis and Lo [25] designed a surface-mounted optical fibre sensor to 
simultaneously measure axial and transverse strains. The design is based on the 
combined use of Michelson and polarimetric fibre optic sensors. These sensors can 
separate the effects of axial strain from transverse strain in the specific case that the 
transverse strain components are equal ( 1' 2'ε ε= ). This condition limits the 
feasibility as an embedded sensor. Singh and Sirkis [26] described an optical fibre 
sensor that uses an intrinsic Fabry-Perot interferometer and an in-line fibre etalon 
sensor to simultaneously measure two parameters: either axial and transverse strain 
(once more the necessary condition is that 1' 2'ε ε= ) or axial strain and temperature. 
Jin et al. [27] embedded a similar sensor (Figure 3-12) consisting of a Bragg grating 
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with an adjacent in-line fibre etalon in a transversely isotropic, unidirectional 
specimen and loaded the specimen with uni-axial stress. The sensor, which was 
embedded parallel to the reinforcing fibres, enabled determination of the 
longitudinal and transverse strain in the sensor and surrounding host material, for the 
specific case of equal transverse strains in both directions ( 1' 2'ε ε= ). 
 
Figure 3-12: Multi-parameter sensor configuration consisting of a Bragg grating with an 
adjacent in-line fibre etalon [27]. 
 
Black et al. and Udd et al.[28-30] embedded a multi-axial strain sensor (FBG in 
HiBi-fibre) in a biaxial-woven composite and demonstrated that big strain gradients 
occur during curing. No quantitative analysis was performed for this research. Wang 
[31] did the same as Black et al. [28], though developed a theoretical model to 
predict the differences in sensor response to transverse loadings applied uniformly 
and non-uniformly along the length of the sensor. A study of the spectral response of 
a FBG fabricated in a high birefringence fibre subjected to transverse stress 
gradients has been presented with a theoretical model and numerical simulations. At 
this point it should be noted that in this dissertation, only homogenously transverse 
strains and thus no strain gradients will be taken into account. Abe et al. [32] used a 
pair of fibre Bragg gratings written in a HiBi-fibre to measure simultaneously 
longitudinal and transverse strain and temperature. The FBGs were superimposed as 
to have a point like sensor. The first FBG had a central wavelength of 1535 nm and 
the second one 1547 nm. The birefringence of the internal elliptical cladding fibre 
used in this study was 5.7x10-4 , which was derived from the polarization splitting of 
the reflection spectra of each grating (about 0.8nm). Next, Abe et al. discussed the 
difficulty to accurately determine both peaks of one Bragg peak spectrum when 
these come closer to each other. Both sensors were calibrated for longitudinal load 
and temperature and for a transverse load along the fibre’s fast axis. Pressing the 
fibre on the cladding parallel to its fast axis, gives rise to a differential transverse 
strain state ( 1' 2'ε ε− ) inside the core of the optical fibre (section 2. 4. 1) which is 
further called Fε∆ . The strain and temperature sensitivities are determined using a 
set of equations that can be written as 
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The sensor was not embedded in a composite material, but tested with a calibration 
device as discussed in section 2.4.1.b. First a longitudinal tensile force was applied 
with the micrometer set-up, afterwards a transverse load can be applied over the 
fibre and the temperature is set by a cooling-heating system. By recording the 
wavelength shifts and using the recorded K-matrix of equation 3-1, the temperature 
and the strain components were calculated. Reported errors were large; up to 12°C 
for temperature measurements between 15°C and 45°C, 11 µε for differential 
transverse strain measurements in the range of 12 to 32 µε and 74 µε for longitudinal 
measurements in the range of 167 to 251 µε. This is due to the bad conditioning of 
the K-matrix of equation 3-1 (condition number = ~113 according to the author’s 
calculations). The condition number will be discussed more in detail in 
Section 3. 3.1. b.  . Abe et al. [33] repeated their experiments for measuring only 
temperature and differential transverse strain ( Fε∆ ) using a chemically etched IEC 
HiBi-fibre. During the experiments the longitudinal strain was kept constant. One 
should be aware that this is not at all representative for realistic strain fields 
encountered by embedded FBGs. Equation 3-1 is thus reduced to: 
,1'
,2'
B
BF
T
K
λ
λε
∆∆ ⎡ ⎤⎡ ⎤ = ⎢ ⎥⎢ ⎥ ∆∆⎣ ⎦ ⎣ ⎦
    3-2 
where the non-singular K-matrix representing the FBG spectral sensitivities is given 
by 
,1' ,1'
2' 1'
,2' ,2'
2' 1'
( )
( )
B B
B B
T
K
T
δλ δλ
δ δ ε ε
δλ δλ
δ δ ε ε
⎡ ⎤⎢ ⎥−⎢ ⎥= ⎢ ⎥⎢ ⎥−⎢ ⎥⎣ ⎦
   3-3 
Experiments were performed using a transverse loading set-up. For the etched IEC 
fibre sensor, differential transverse strain has been evaluated with an error of ±16 µε 
for set values in the interval between 33 and 94 µε, whilst the error on temperature 
has been estimated to be ±3°C for set values ranging from 16 to 56°C. These values 
were compared to results obtained for a normal diameter IEC sensor that has strain 
values evaluated with an error of ±15 µε for set values in the interval between 61 
and 91 µε and this had an error on temperature estimated to be ±4°C for set values 
ranging from 12 to 46°C [34]. 
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Lawrence et al. [35] created a fibre optic sensor capable of measuring two 
independent components of transverse strain when temperature and axial strain are 
kept zero or constant. The sensor consists of a single Bragg grating written into a 
HiBi optical fibre (IEC type according to Figure 3-13) with a central wavelength of 
1550 nm. Assuming an error in the measurement of wavelength shift of 10 pm the 
transverse strain error becomes ±27 µε (condition number of K-matrix = ±4). This 
seems acceptable for many applications, however this estimate does not include 
errors in the elements of K that may arise from non-linearities, cross-sensitivity, 
experimental error and uncertainties in the strain predicted by the finite element 
model. 
 
 
 
Figure 3-13: Schematic cross-section of a IEC type HiBi optical fibre used by Lawrence 
et al. [35]. 
 
Evidently, significant limitation of the sensor described in their work is that axial 
strain and temperature changes will affect the measurement of transverse strains. 
This limits the use of the sensor to isothermal applications and applications where 
plane strain or plane stress assumptions can be used to relate the axial strain to the 
transverse strain components. Lawrence et al suggested to expand the capability of 
the sensor by using a second grating written at a sufficiently different wavelength at 
exact the same spot. The set of equations relating wavelength shifts to strain 
components and temperature, can then generally be written as: 
1,1' 1'
1,2' 2'
2,1' 3'
2,2'
B
B
B
B
K
T
λ ε
λ ε
λ ε
λ
∆ ∆⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥∆ ∆⎢ ⎥ ⎢ ⎥=⎢ ⎥∆ ⎢ ⎥∆⎢ ⎥ ⎢ ⎥∆ ∆⎢ ⎥ ⎣ ⎦⎣ ⎦
    3-4 
In the next section, the theoretical resolution and condition number of the K-matrix 
of such a sensor will be discussed. 
The multi-parameter sensor described in Mawatari et al. [36], is theoretically 
capable of simultaneously measuring three strain components and temperature 
changes. The sensor design was first described by Udd et al. and Lawrence et al. 
[35, 37]. It consists of a HiBi optical fibre with Bragg gratings having two different 
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wavelengths, one around 1300 nm and the other around 1550 nm. First, a linearized 
3 × 3 K-matrix was used to calculate the tri-axial strain components, from three 
measured peak wavelength shifts. 
1,1' 1'
2,1' 2'
2,2' 3'
B
B
B
K
λ ε
λ ε
λ ε
⎡ ⎤∆ ∆⎡ ⎤⎢ ⎥ ⎢ ⎥∆ = ∆⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥∆ ∆⎣ ⎦⎣ ⎦
    3-5 
Predictions of the longitudinal strain were relatively good (errors of 1 to 10%), but 
very bad for transverse strains (errors of 10 to 100%). The condition number of the 
K-matrix in Equation 3-5 was found to be ~31. A generalized non-linear model was 
then developed to express the wavelength shifts as a function of the loads applied 
during a sensor calibration tests. It is based on a 4 × 4 K-matrix with constant 
coefficients in the first and fourth column to reflect the observed linearity in 
wavelength shifts versus longitudinal load and temperature change. The second and 
third columns contained variable coefficients to reflect the observed non-linearity in 
wavelength shifts versus transverse load. 
 
An overview of the higher discussed different configurations (principle, measure 
parameters, condition number calculated by the author of this dissertation, error, and 
various remarks) is given in Table 3-1. 
 
 
  
Table 3-1: Overview of different multi-parameter sensor designs described in literature  
Reference Principle 
Measured physical 
quantities 
Condition 
number 
Reported 
error 
Remarks 
Betz et al. [16] and 
Haran et al. [18] 
Strain gauge rosette based on 
uni-axial FBGs 
In-plane strain components at 
the surface 
- - 
Out-of-plane strains cannot be measured. The 
sensor cannot be embedded. 
Matrat and Levin 
[20, 21] 
Embedded strain gauge rosette 
based on uni-axial FBGs 
In-plane strain components 
interior to the structure 
- - Out-of-plane strains cannot be measured 
Suo et al. [38] 
Highly tilted (81deg) uni-axial 
FBG 
Magnitude and direction of the 
transverse load 
- - 
Measurement depends on the optical power 
which can be affected by light source 
variations due to bending losses. Longitudinal 
strains cannot be simultaneously evaluated 
with the transverse strain components. 
Chen et al. [23] 
Novel HiBi (quasi-rectangle 
bow-tie fibre) 
Pressure and temperature - 
∆T =1°C 
∆P =0.5MPa 
      =±5bar 
Transverse load should be hydrostatic. 
With only one grating the longitudinal effect 
is not measurable 
  
Reference Principle 
Measured physical 
quantities 
Condition 
number 
Reported 
error 
Remarks 
Silva et al. [24] 
Combination of a uni-axial FBG 
twisted around a HiBi-FBG 
Transverse line load, 
longitudinal strain and 
temperature 
- 
∆T=3.1°C 
∆ε=±46 µε 
∆F=±0.01 N/mm
When embedding this configuration the 
interction between both fibres becomes 
uncertain  
Singh and Sirkis [26] 
Jin et al. [39] 
Combination of a in-line fibre 
etalon with an intrinsic Fabry 
perot interferometer and an FBG 
respectively. 
Axial and transverse strain or
axial strain and temperature 
- - 
Both transverse strain components have to be 
equal, which is generally not the case for 
embedded sensors 
Black et al. [28] 
Udd et al. [30]  
FBG in HiBi-fibre Transverse strain gradients - - 
No quantitative results were presented. 
Impossible to measure all the strain 
components with only one FBG. 
Abe et al. [32] Two FBGsin HiBi-fibre 
Longitudinal strain, 
temperature and differential 
transverse strain 
~113 
∆T=15°C 
∆εF =±11 µε 
∆ε3’=± 74 µε 
The identification of both transverse strain 
components was not considered which is 
necessary for an embedded sensor 
  
Reference Principle Physical quantity Condition number 
Printed 
error Remarks 
Abe et al. [33] 
Two FBGs in chemically etched 
HiBi-fibre 
 ~5 
∆T=3°C 
∆εF =±16 µε 
The identification of both transverse strain 
components was not considered which is 
necessary for an embedded sensor. 
Longitudinal strain was not taken into 
account. 
Lawrence et al. [35] One FBG in HiBi-fibre Transverse strain components ~4 
∆ε1’ =±27 µε 
∆ε2’=± 27 µε 
Error results were calculated considering an 
interrogator with a wavelength shift 
resolution of 10pm. 
Longitudinal strain and temperature were not 
considered. 
Mawatari et al. [36] Two FBGs in HiBi-fibre Tri-axial strain components ~31 
∆ε1’ =10-100% 
∆ε2’=10-100% 
∆ε3’=1-10% 
Reported errors are unacceptably high. 
Good for embedding purposes. 
A model was developed to determine the 
strain components when a fibre is loaded 
under a certain angle with respect to its 
optical eigenaxis. 
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3. 3.  STUDIED SENSOR CONFIGURATIONS 
3. 3. 1.  Measuring principle 
The multi-axial sensor configurations described in this section are based on a 
combination of two FBGs at different wavelengths in commercially available HiBi-
fibre (Panda, bow-tie, elliptical cladding, etc.). Chehura et al [40] gave a good 
overview of the different types of commercially available HiBi-fibres. As described 
before, due to the difference in refractive index of the two polarization axes, both 
polarization modes will satisfy the Bragg condition at different wavelengths. 
Therefore, gratings written in such a fibre will reflect two distinct peaks, one for 
each polarization axis. As described in Chapter 2, the separation of the two peaks is 
directly proportional to the birefringence of the fibre. A change in axial strain or 
temperature will not affect the birefringence of the fibre, but will cause an overall 
shift of the refractive indices towards higher or lower values. This results in a 
similar shift in Bragg wavelength for the peaks from both polarization axes, as 
shown in Figure 3-14. If on the other hand a change in transverse strain is applied, a 
change of the birefringence of the fibre will occur which results in a change of the 
peak separation, shown in Figure 3-14. Depending on the direction of the applied 
transverse strain with respect to the polarization axes of the fibre, the wavelength 
shift will increase or decrease. 
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Figure 3-14: Effect on the spectral response of a HiBi-FBG due to (a) axial stress or 
uniform temperature change and (b) transverse stress. Original spectrum in full line 
and resulting spectrum due to the applied load in dashed line. 
 
By adding an extra FBG, 4 different wavelengths are obtained. If these two gratings 
respond differently on external perturbations like axial and transverse strain 
components one can build a multi-axial strain sensor. The relation between 
wavelength shifts ( Bλ∆ ) and change in strain components ( ε∆ ) can be written in 
the following general form: 
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herein the K-matrix equals: 
11 12 13
21 22 23
31 32 33
41 42 43
K K K
K K K
K
K K K
K K K
⎡ ⎤⎢ ⎥⎢ ⎥= ⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
    3-7 
The coefficients Kij are dependent on the used sensor configuration. By inverting 
this matrix one can calculate the total strain field interior to a composite structure 
based on the measured wavelength shifts. However, to invert this matrix, it should 
be square. Since the set of equations of equation 3-6 has four equations and only 
three independent unknowns, one of the equations can be omitted. Equation 3-6 then 
becomes: 
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1,2' 2 '
2,2' 3'
B
B
B
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λ ε
λ ε
λ ε
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in which K equals: 
11 12 13
21 22 23
31 32 33
K K K
K K K K
K K K
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    3-9 
The strain components can be calculated, by inverting the K-matrix and multiplying 
this with the wavelength shifts. Equation 3-8 becomes: 
1' 1,1'
1
2 ' 1,2'
3' 2,2'
B
B
B
K
ε λ
ε λ
ε λ
−
⎡ ⎤∆ ∆⎡ ⎤ ⎢ ⎥⎢ ⎥∆ = ∆⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥∆ ∆⎣ ⎦ ⎣ ⎦
    3-10 
3. 3. 2.  Error analysis 
For each configuration, the condition number of the K-matrix (or its inverse) can be 
calculated. The condition number of  a matrix provides an indication of the 
numerical stability of the system of equations. A large condition number for the 
K-matrix indicates that small errors in the measurement of a wavelength shift or in 
the determination of the matrix coefficients can result in large errors in the 
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calculation of the strains. This condition number will be calculated for the different 
proposed sensor configurations. The condition number is used to provide a 
qualitative estimate of the sensor behavior, with the best sensor designs achieving 
the lowest condition number. However, this approach is of limited real value since it 
allows only a loose estimate of the maximum error bound to be calculated. To 
evaluate the effects of small errors in measured wavelength shifts on the 
measurement of  strain, an error analysis of the type described by Jin et al. [41] can 
be performed. 
The assessment of the strain components is influenced by different errors that 
include the precision with which the wavelength shifts can be determined and any 
error present in the estimation of the elements of the K-matrix which is determined 
from calibration experiments. In matrix formulation equation 3-8 can be written as: 
[ ] [ ]Kλ ε∆ = ∆      3-11 
In which [ ] 1,1'1,2'
2,2'
B
B
B
λ
λ λ
λ
⎡ ⎤∆⎢ ⎥∆ = ∆⎢ ⎥⎢ ⎥∆⎣ ⎦
 and [ ] 1'2'
3'
ε
ε ε
ε
∆⎡ ⎤⎢ ⎥∆ = ∆⎢ ⎥⎢ ⎥∆⎣ ⎦
. 
Assuming that both wavelength shift determination and K-matrix have errors, we 
can say that: 
[ ] [ ] [ ]0
0K K K
λ λ δ λ
δ
∆ = ∆ + ∆
= +     3-12 
 
Where [ ]0λ∆  and 0K  represent respectively the true values of [ ]λ∆  and  K; [ ]δ λ∆  
and Kδ  represent the errors on the components of equation 3-11. In this chapter 
Kδ  has been neglected since it depends less on the configuration of the sensor and 
more on the calibration of the gauge factors. The error on the wavelength 
determination [ ]δ λ∆  can be written as 
[ ] 1,1'1,2'
2,2'
B
B
B
δ λ
δ λ δ λ
δ λ
⎡ ⎤∆⎢ ⎥∆ = ∆⎢ ⎥⎢ ⎥∆⎣ ⎦
    3-13 
The error in recovering the different strain components 0,i i iδε ε ε= − ( 1, 2,3i = ) 
may be calculated as: 
[ ] [ ]10Kδ ε δ λ−= ∆     3-14 
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The parameters , 'Bi jδ λ∆  represent the resolution of the used interrogator. Since all 
wavelengths are measured with the same interrogator (FBG-scan 608 from FOS&S 
[42]) they are all equal: 
1,1' 1,2' 2,2' ~ 1B B B B pmδ λ δ λ δ λ δ λ∆ = ∆ = ∆ = ∆ =   3-15 
This resolution can be used instead of the uncertainty in the interrogator which is 
typically one to a few tens of pm, since, in this dissertation, the measurements are 
differentially encoded in the wavelength separation between two peaks in a very 
small wavelength window and do not require an absolute wavelength measurement.  
The different errors for the strain components can then be found as 
22 33 23 32 13 32 12 33 12 23 13 22
1
31 23 21 33 11 33 13 31 21 13 11 23
2
21 32 22 31 12 31 11 32 11 22 12 21
3
( )
( )
( )
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B
B
K K K K K K K K K K K K
K K K K K K K K K K K K
K K K K K K K K K K K K
δε δ λ
δε δ λ
δε δ λ
− + − + −≤ ∆∆
− + − + −≤ ∆∆
− + − + −≤ ∆∆
3-16 
in which ∆  is the determinant of the K-matrix. 
The method of Jin et al. [41] gives an overestimation of the error because it assumes 
a worst case scenario in which the errors will be accumulative. This is not the case 
in a realistic situation because of the opposite wavelength sensitivity of the 
transverse strain components ( 2 ,1' 11
1
2 eff
n p− , and 2 ,1' 1212 effn p−  which are negative) 
and the longitudinal strain component ( 2 ,1' 12
11
2 eff
n p−  which is positive). Therefore, 
one can switch to simple statistics and calculate the variance ( [ ]( )Var ε ) and the 
standard deviation εσ , on the calculated strain ( [ ]ε ) if a certain variance exists on 
the wavelength shifts( [ ]( )Var λ∆ ). 
( ) ( ) ( ) ( )( ) [ ]( )2 2 21 1 1,1 ,2 ,3i i i iVar K K K Varε λ− − −= + + ∆   3-17 
The standard deviation on the calculated strain ( [ ]ε ) then becomes: 
( ),i iVarεσ ε=     3-18 
The error δε  and standard deviation εσ  on the calculated strains [ ]ε  will be 
discussed in the next sections for different sensor configurations. 
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3. 3. 3.  Resolution of the different configurations 
In order to define the optimal monitoring system, numerical analyses have been 
performed on three different sensor configurations [43]. In Table 3-2 the fibre 
material properties, needed to calculate the sensor resolution for each configuration 
are summarized. By comparing the condition numbers of the K-matrices, one can 
conclude which configuration will lead to the best discrimination potential. In 
addition an error analysis as in the previous section has been performed. For the 
estimation of the error, we use the strain optic coefficients and thus gauge factors of 
FBGs written in HiBi-fibre determined in 2. 4. 1 c.. 
 
 
Table 3-2: Properties used to determine the gauge factors, condition numbers and strain 
resolution of each sensor configuration.[44] 
Young’s 
Modulus 
Poisson 
coefficient 
Strain-optic 
coefficients 
Refractive 
index 
Birefringence 
 E = 70 GPa ν = 0.17 p11 = 0.111 
p12 = 0.247 
n = 1.458 ∆n = 3.3*10-4 
 
 
The following assumptions were made: 
• For the analyses, a bow-Tie fibre was considered. However, the final 
results and conclusions are also indicative for other fibre types.  
• For each sensor we assume that the temperature is a known parameter 
(determined by an independent measurement with e.g. a thermocouple) and 
that only the unknown tri-axial strain state needs to be calculated. 
• The strain errors and standard deviations are calculated by assuming that 
the interrogation equipment has a resolution of 1 pm. 
• The results are calculated for a non-embedded fibre. One should be aware 
that embedding the fibre will have a less good resolving power. This is 
dependent on the host material (e.g. difference in mechanical properties of 
glass- and carbon-reinforced epoxy) in which the fibre is embedded. 
Therefore, the conditioning of the K-matrix should be as low as possible. 
The embedding method and additional strain error will be discussed in 
Chapter 4. 
• The resolution of each configuration is determined using only the strain 
dependency of the fibre core. The strain transfer, of a randomly applied 
load on the fibre cladding to the fibre core is neglected. For example the 
strain field induced by a line load oriented parallel with the slow axis of the 
fibre is different from the case that the load is oriented parallel with the fast 
axis. In the determination of a good configuration we neglect the fact that 
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the HiBi-fibres are non isotropic. Thus, SAPs only play part in the initial 
birefringence and have no mechanical influence. In Chapter 4 we will 
consider this anisotropy for the chosen sensor configuration. 
 
The first configuration is called the parallel configuration and is illustrated on 
Figure 3-15. Two FBGs with a different central wavelength (around 1300 nm and 
1550 nm) are inscribed in two bow-tie fibres. Both fibres are spliced together with 
one fibre rotated 90deg compared to the other. As such, the fast axis of the first fibre 
is aligned with the slow axis of the second fibre and vice versa. Since the splice 
makes this configuration extremely vulnerable one can choose to embed two parallel 
fibres (Figure 3-15, inset). The K-matrix of equation 3-8 for this configurations 
becomes: 
2 2 2
11 12 12
1,1' 2 2 2
1,2 ' 12 11 12
2 2 22,2'
12 11 12
1
2 2 20 0
0 0 1
2 2 2
0 0
1
2 2 2
eff eff eff
B
eff eff eff
B
B
eff eff eff
n n n
p p p
n n n
K p p p
n n n
p p p
λ
λ
λ
⎡ ⎤− − −⎢ ⎥⎢ ⎥⎡ ⎤ ⎢ ⎥⎢ ⎥= − − −⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦ ⎢ ⎥− − −⎢ ⎥⎢ ⎥⎣ ⎦  
3-19 
In equation 3-18 the second and the third line of the matrix are highly dependent and 
are even the same if the different (distant) wavelengths of both FBGs are not taken 
into account. No good conditioning will be obtained. The conditioning is dependent 
on the different wavelengths of both gratings and these should, as such, been taking 
as distant as possible. 1300 and 1550 nm wavelengths are commonly used in optical 
fibre telecommunications and thus all fibre optic devices and instrumentation are 
available for them. Table 3-3 shows the calculations (condition number and strain 
resolution) for the first configuration under the assumption that the interrogator’s 
resolution is 1 pm. An extremely high condition number is obtained, meaning that 
the strain resolution will be very poor. 
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Figure 3-15: The first configuration consists of two HiBi-fibres spliced together with one 
fibre rotated over 90 deg. Its fast axis is aligned with the slow axis of the other fibre. 
Two separated fibres can be used as alternative. (see inset) 
 
Table 3-3: Sensitivity analysis for the parallel configuration [45] 
Condition number = ~12*103 
 Error analysis. Standard deviation 
1'δε   [µε] >4.2  103 ±4.2  103 
2'δε  [µε] >4.2  103 ±4.2  103 
3'δε  [µε] >2.2  103 ±2.2  103 
 
The second configuration is called the bent configuration and is illustrated in 
Figure 3-16. Two FBGs with a different central wavelength (around 1300 nm and 
1550 nm) are inscribed in one bow-tie fibre which is bend in the material. The FBGs 
are hereby oriented perpendicular to each other. As such, the slow axes of the FBGs 
will experience a different in-plane strain condition. However, one has to be careful 
when embedding such a sensor between two adjacent plies with the same direction 
of the reinforcement fibres. The reinforcement fibres of the composite will 
homogeneously surround the first FBG, but, for the second FBG a resin eye can 
occur which may disturb the strain field and the host structure [44]. These resin eyes 
can become a starting point of damage inside the material [46, 47]. A possibility to 
avoid such resin eyes is placing the sensor in between two layers with 
perpendicularly oriented reinforcing fibres (0 deg and 90 deg). Another possibility is 
using two separate fibres which are embedded in different layers with different 
orientations (inset of Figure 3-16). In the last solution strain component calculations 
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are more complex since both FBGs will experience the strain field of another 
composite ply. 
For this configuration, the K-matrix is given by: 
2 2 2
11 12 12
1,1' 2 2 2
1,2' 12 11 12
2 2 22,2'
12 12 11
1
2 2 20 0
0 0 1
2 2 2
0 0
1
2 2 2
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B
B
eff eff eff
n n n
p p p
n n n
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λ
λ
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Table 3-4 shows the condition number and strain resolution for the bent 
configuration. Without considering the difficult embedding procedure into mind this 
is a viable solution. A good condition number and strain resolution is obtained. One 
can even choose to use 2 FBGs in the range of the 1550 nm wavelengths and thus 
work with cheaper readout systems which are commercially available on the market. 
 
FBG1
FBG 2
fast
slow
FBG1
FBG2
Alternative:
90°
 
Figure 3-16: The second configuration consists of one HiBi-fibre which is bent over 
90deg. As such, the slow axes of the FBGs fibre experience other inplane strain 
conditions. The fast axes experience the same through-the-thickness strain. As an 
alternative two separate fibres can be used in the same configuration (see inset). 
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Table 3-4: Sensitivity analysis for the bent configuration [45] 
Condition number = ~19 
 Error analysis Standard deviation 
1'δε   [µε] >5.6 ±3.3 
2'δε  [µε] >16.0 ±10.4 
3'δε  [µε] >5.7 ±3.7 
 
In the following configuration (Figure 3-18) an optical fibre is shown in which two 
gratings are inscribed (both with a central wavelength around 1500-1550 nm). From 
the previous configurations we learned that it is necessary that both gratings have a 
diverse response on external loading. In this concept we try to reach this goal by 
decreasing the sensitivity to transverse stress of the second grating. The first grating 
stays exposed to longitudinal stress as well as transverse stress and the second one is 
shielded from transverse stress by covering the second grating with a capillary. The 
optical fibre is an 80 µm cladding diameter bow-tie fibre which has a 37.5 µm thick 
polyimide coating, thus a total outer diameter of 155 µm. The capillary is a silica 
tubing coated with polyimide; the inner diameter of this tube is 180 µm while the 
outer diameter is 340 µm. The capillary is slid over the second grating and sealed at 
its two ends with epoxy to prevent resin flow into the tube during the composite 
manufacturing process. Guo [48] and Haran et al. [49] also used such a capillary to 
isolate one of the gratings completely from every stress/strain influence. As such the 
only parameter which has an influence on the grating is temperature (Figure 3-17). 
 
 
Figure 3-17: Schematic of an optical fibre Bragg grating embedded in a capillary to 
exclude all external stress/strain components. This sensor can be used as temperature 
compensation sensor [48],[49]. 
 
Fernando et al. [50] created an EFPI sensor by merging two cleaved optical fibres in 
a precision bore capillary tube (128 µm inner diameter, 300 µm outer diameter). The 
tube is sealed by fusion (spliced) or by epoxy depending on the application. As such, 
a cure sensor (strain plus temperature sensor) and a moisture sensor and vibration 
sensor have been created. 
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In equation 3-21 one can notice that in this configuration the second grating is not 
sensitive to transverse strain because the third row of the K-matrix has some zero 
components. Both FBGs are mutually independent and should therefore lead to a 
very good condition number and strain resolutions (Table 3-5). The axial strain 
resolution is in this case equal to that of a uni-axial non embedded FBG. The 
obtained  transverse strain resolutions are very good. 
2 2 2
11 12 12
1,1' 2 2 2
1,2 ' 12 11 12
2 22,2 '
12 11 12
1
2 2 20 0
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2 2 2
0 0
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Figure 3-18: The third configuration (capillary configuration) consists of one fibre with 
two FBGs of which one grating is isolated from transverse stress through the use of a 
glass capillary. 
 
Table 3-5: Sensitivity analysis for the capillary configuration 
Condition number = ~10 
 Error analysis Standard deviation
1'δε   [µε] >6.9 ±4.3 
2'δε  [µε] >6.9 ±4.3 
3'δε  [µε] >0.9 ±0.9 
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Instead of covering one of the gratings with a capillary which would possibly distort 
the composite structure, a certain amount of isolation can be obtained by recoating 
one of the gratings. By tailoring the properties of the coating (Young’s modulus, 
Poisson’s coefficient, thickness, …) one can design an FBG sensor which is partially 
isolated from transverse stress. This option was not further experimentally explored 
in this dissertation. 
A transverse stress isolation of x% means that only x% of the transverse stress in the 
host structure will be transferred to the fibre core. The expected strain resolutions for 
25% to 100% of transverse stress isolation is displayed in Table 3-6. It should be 
remarked that the 1’-axis in the following chapters is taken parallel to the surface of 
the samples in which they are embedded. For 100% isolation, the strain resolution is 
evidently optimal, for a lower percentage of isolation the sensitivities become worse. 
However, depending on the used configuration, they could still meet the 
requirements. In the MASSFOS project the requirements were ± 5 µε for the 
longitudinal and transverse strain components [51]. Thus a 75% isolation of 
transverse stress still satisfy the requirements. 
 
Table 3-6: Sensitivity analysis of a sensor with two gratings of which one has obtained a 
certain percentage of isolation from transverse stress. 
Isolation Condition number  Standard deviation 
25% ~26 
1'δε   [µε] ±8.3 
2'δε  [µε] ±11.3 
3'δε  [µε] ±4.5 
50% ~13 
1'δε   [µε] ±4.8 
2'δε  [µε] ±6.5 
3'δε  [µε] ±1.9 
75% ~10 
1'δε   [µε] ±4.3 
2'δε  [µε] ±4.7 
3'δε  [µε] ±1.2 
100% 
(capillary) 
~10 
1'δε   [µε] ±4.3 
2'δε  [µε] ±4.3 
3'δε  [µε] ±0.9 
  
Table 3-7: Summary of the different proposed sensor configurations with their strain resolutions. advantages and disadvantages 
Principle Strain resolution 
[µε] 
Advantages Disadvantages 
Parallel configuration 
1'δε   ±4.2*103 
Easy to embed 
Minor composite distortion 
Vulnerable splice 
Bad conditioning 
2'δε  ±4.2*103 
3'δε  ±2.2*103 
     
Bent configuration 
1'δε  ±3.3 
Low condition number 
Good strain resolution 
Important composite distortion 
Difficult embedding procedure 
2'δε  ±10.4 
3'δε  ±3.7 
     
Capillary configuration 
1'δε  ±4.3 
Low condition number 
Good strain resolution 
Intermediate to low-composite distortion 
depending on capillary diameter 
2'δε  ±4.3 
3'δε  ±0.9 
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From Table 3-7, taking all advantages and disadvantages into account, it can be 
concluded that the best configuration for embedded measurements of more-
dimensional strain fields is the one with the capillary design. Each parameter can be 
calculated within a reasonable precision. This configuration will further be referred 
to as the ‘Multi Axial Strain’-sensor or MAxS-sensor. 
3. 4.  FEASIBILITY STUDY 
To obtain the resolution of the MAxS-sensor as described in Table 3-5, some 
implied assumptions were made: 
• The FBG encapsulated in the capillary should be isolated (100%) from the 
transverse stresses existing inside the composite structure. 
• A 100% longitudinal strain transfer from host structure to fibre core should 
exist for both FBGs 
 
To this end, the mechanical behavior of the encapsulated FBG embedded in a carbon 
reinforced plastic (CFRP) lamina has been investigated by means of finite element 
simulations using the FE-software package ABAQUSTM (version 6.8). Because of 
symmetry reasons only 1/8 of the elements were modeled (Figure 3-19). The 
composite model (length = 15 mm, thickness = 0.8 mm, width = 30 mm) exists of 
25100 linear hexahedral elements of type C3D8R [52] and 62200 linear wedge 
elements of type C3D6 [52] in the vicinity of the capillary and the fibre. The 
material properties of the composite material (M18/M55J by Hexcell) are given in 
Table 3-8. The capillary (o = 300 µm, i = 184 µm x length = 7.5 mm) was 
modeled using 7520 linear hexahedral elements of type C3D8R and the fibre 
(o = 80 µm x length = 30 mm) with 16200 linear hexahedral elements of type 
C3D8R. The material of the capillary and the optical fibre are fused silica for which 
the properties were given inTable 3-2. Next to the simulations, an encapsulated FBG 
and non-encapsulated FBG was embedded in a real composite laminate with a uni-
directional lay-up [0]24 (Figure 3-20). The sample had a thickness of 2.57 mm, a 
width of 48.50 mm and a length of 300 mm. The production of such a CFRP-sample 
and embedding procedure for the MAxS-sensor will be discussed in Chapter 4. For 
the FE-model and the experiment both higher described assumptions were checked 
by performing a transverse compression test and a longitudinal strain test 
(Figure 3-21 and Figure 3-24). The experimentally measured wavelength shifts of 
both FBGs can be mutually compared. However, they should not be related with the 
existing strain field inside the composite sample because of their unknown 
orientations. 
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Table 3-8: Elastic material properties for the M55J/M18 carbon/epoxy material 
E11 
[GPa] 
E22 = E33 
[Gpa] 
G12=G13 
[Gpa] 
G23 
[Gpa] 
ν12=ν13 
[-] 
ν23=ν32 
[-] 
ν21=ν31 
[-] 
300 6.30 4.30 2.28 0.32 0.38 0.0017 
       
Fibre
Capillary
Composite
 
 Planes of symmetry  
Figure 3-19: Detailed view of the geometrical model at the left, and an overview of the 
finite element mesh in the vicinity of fibre and capillary at the right. 
 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::  
cross section at FBG 1 
 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::  
cross section at FBG 2 (in capillary) 
Figure 3-20: A photograph of the produced CFRP-test sample with an embedded 
MAxS-sensor, together with schematics of the cross sections for both FBG locations 
 
3. 4. 1.  Isolation from transverse stress 
In Figure 3-21 a schematic of the transverse compressive load experiment is drawn; 
the load is applied over 15 mm in width on both sensor regions. Both sections will 
FBG 
FBG 
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experience the same compressive load  (40 MPa). However, as the second FBG is 
encapsulated it should not react to the applied load which is nearly the compressive 
strength (50 MPa) of the composite material in the through-the-thickness direction. 
The capillary acts as a buffer for the transverse stresses, and the air space between 
fibre and capillary remains intact. As illustrated in Figure 3-22 the deformation of 
the capillary in the FE-simulation is limited to about a micrometer. 
 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
40 MPa
15 mm
 
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
40 MPa
15 mm
 
Figure 3-21: Transverse compressive load applied at the location of the FBGs. 
 
In Table 3-9, results of the transverse compression experiment are summarized. The 
FBG in the capillary shows almost no Bragg peak wavelength shift while the other 
exhibits a shift of ~10 pm/(N/mm²). The small shift of the FBG in the capillary is 
due to a small longitudinal strain caused by the Poisson’s effect. 
 
Table 3-9: Sensitivity to transverse compressive stress for the different FBGs of the 
MAxS-sensor 
( )pm MPa⎡ ⎤⎢ ⎥⎣ ⎦
 FBG 1 
(λB = 1559.5 nm)
FBG 2 (cap) 
(λB = 1539.6 nm) 
,1'Bλ∆  10.36 0.51 
,2'Bλ∆  9.36 0.44 
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Figure 3-22: Left, the nodal displacement of the FE-model in the through-the-thickness 
direction. Right, the nodal displacement of the inner circle of the capillary. 
 
Note that if the capillary is not completely sealed, epoxy resin can flow inside 
during the manufacturing process. This leads to an FBG which is not completely 
isolated from the transverse stresses that exist inside the material. Experimental 
evidence is given in Figure 3-23. For two equal samples [90]20 a peak split occurs 
during transverse compression experiments for the sample in which epoxy resin has 
entered the capillary during manufacturing. 
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Figure 3-23: Response of FBGs encapsulated in a capillary during transverse 
compression experiments. Left, epoxy resin has entered the capillary and thus a clear 
Bragg peak splitting is observed. Right, for a well-sealed capillary no Bragg peak 
splitting is noticeable indicating that the sensor is isolated from transverse stress. 
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3. 4. 2.  Transfer of longitudinal strain 
Figure 3-24 shows a schematic of the tensile test performed on the CFRP-sample 
with the embedded MAxS-sensor. During the test, both FBGs are subjected to the 
same longitudinal stress, and thus, should show similar wavelength shifts.  
 
 
Figure 3-24: Schematic of the tensile test performed on the CFRP sample with an 
embedded MAxS-sensor. 
 
The FE simulation shows a ratio of 3 ', 2
3 ', 1
1.0065FBG
FBG
ε
ε =  for the longitudinal 
strain measured with FBG 2 (inside the capillary) and the longitudinal strain 
measured with FBG 1. The strain in the capillary is less than 1% higher than for 
FBG 1 outside the capillary. This difference can be neglected. In Table 3-10 the 
results of the tensile experiment are displayed. Both FBGs exhibit similar 
wavelength shifts. FBG 1 shows a slightly higher sensitivity as compared to FBG 2 
in the capillary. However, taking the different initial Bragg wavelengths into 
account, both FBGs have almost the same sensitivity which is according to the 
higher discussed assumption. 
 
Table 3-10: Sensitivity to longitudinal stress for the different FBGs of the MAxS-sensor 
pm
MPa
⎡ ⎤⎢ ⎥⎣ ⎦
 FBG 1 
(λB = 1559.5 nm)
FBG 2 (in capillary) 
(λB = 1539.6 nm)
,1'Bλ∆  4.81 4.66 
,2'Bλ∆  4.79 4.58 
3. 4. 3.  Temperature sensitivity 
The temperature sensitivity of a MAxS-sensor is much more complicated than 
described here. In this section, the author only wants to state what is necessary when 
the total strain field as well as the temperature should be measured simultaneously. 
The K-matrix of Equation 3-9 can be extended with an extra row and column. As 
such, the following set of equations can be obtained 
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Out of equation 3-21 and 3-22 it is clear that if one theoretically wants to measure 
temperature simultaneously with the strain components the thermo-optic coefficients 
of both polarization axes should be sufficiently different. 
 
 
Figure 3-25: Schematic of the temperature test performed on the CFRP sample with an 
embedded MAxS-sensor. 
 
In Table 3-11 the sensitivity to temperature for the different FBGS of a MAxS-
sensor is given. The temperature sensitivity of FBG 2 is slightly higher than for 
FBG 1. Remark that the temperature sensitivity, here, is the sum of the induced 
strain through different expansion coefficients of optical fibre and composite 
material, in which the fibre is embedded, and the thermo-optic effect (change of the 
refractive index). The sensitivity of the fast and slow axes are, however, not 
sufficiently different. Thus, it can be concluded that temperature should be 
separately measured with an external sensor like a thermocouple or an independent 
Bragg grating temperature sensor as shown in Figure 3-17. 
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Table 3-11: Sensitivity to temperature for the different FBGs of the MAxS-sensor 
pm
C
⎡ ⎤°⎢ ⎥⎣ ⎦
 FBG 1 
(λB = 1559.5 nm)
FBG 2 (cap) 
(λB = 1539.6 nm) 
,1'Bλ∆  10.53 10.09 
,2'Bλ∆  10.90 10.44 
3. 5.  CONCLUSIONS 
In this chapter the author reported on a literature review regarding the mapping of 
multi-component strain fields. Internationally a lot of research has been performed 
in trying to design such a sensor. Though, no proper solution was found in this 
matter. As described in the previous chapter, both polarization modes of a HiBi-fibre 
will satisfy the Bragg condition at different wavelengths. Therefore, gratings written 
in such a fibre will reflect two distinct peaks, one for each polarization axis. By 
adding an extra FBG, 4 different wavelengths can be measured. If these two gratings 
respond differently to external perturbations like axial and transverse strain 
components, one can build a multi-axial strain sensor. 
In a second part of this chapter the author has proposed and studied several sensor 
configurations consisting of two FBGs in a bow-tie fibre. The first configuration 
was a derivative of a sensor proposed by several authors (two FBGs in-line with two 
distant centre wavelengths). However, the author has theoretically proven that such 
a sensor exhibits a poor strain resolution which is in spite of its embedding 
simplicity. The second configuration (bent fibre) had a better strain resolution, but 
missed a certain embedding simplicity. Important composite distortion (e.g. resin 
eye) can be expected, since one of the FBGs is oriented perpendicular to the 
reinforcement fibres. In the last configuration the transverse stress sensitivity of the 
second grating has been decreased placing it inside a capillary. As such, the first 
grating remains sensitive to longitudinal stress as well as transverse stress. The 
strain resolution of this configuration was good and the composite distortion was 
kept as low as possible by choosing a very small capillary (outer diameter: 340 µm). 
The feasibility of this configuration (MAxS-sensor) was proven by preliminary FE-
simulations and experiments. The implied necessary assumptions (isolation of 
transverse stress and 100% transfer of longitudinal strain) to obtain the desired strain 
resolution of the MAxS-sensor were checked. If the temperature sensitivity of both 
gratings is sufficiently different one can think of a MAxS-sensor without 
temperature compensation. 
In this chapter the author tried to design a sensor (MAxS-sensor) to simultaneously 
measure three strain components and theoretically determined the strain resolution 
of this sensor. However, another important point when using embedded sensors is 
the interaction of the sensor and its host material. Because of the different properties 
of both materials (sensor and host material) the resolving power of the sensor will be 
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significantly lower than its resolution. In the next chapter the author tries to define 
this interaction (analytically as well as by FE-simulations). 
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Chapter 4 : EMBEDDED FIBRE BRAGG GRATINGS  
 
Figure 4-1 repeats the structural health monitoring scheme of Chapter 1. The strain 
transfer from measured sensor strain to structural strain is highlighted. In this 
chapter, several aspects of the embedding procedure for optical fibres in composite 
structures are evaluated. The emphasis, at the end of the chapter, lays on 
determining the interaction between the strain at the core of the optical fibre and the 
strain in the composite structure close to the optical fibre sensor. 
 
 
Figure 4-1: Flow chart of the different steps necessary for structural health monitoring 
using an embedded optical fibre sensor. The calibration step is highlighted. 
 
4. 1.  INTRODUCTION 
When embedding an optical fibre in a host material, one should consider several 
topics. Firstly, the embedding procedure should be as simple as possible. In this the 
in-and egress points, the orientation of the fibre (polarization axes HiBi-fibres), its 
position, and the embedding time should be considered. When laminating is done by 
hand, the optical fibre sensor can be manually positioned in between two prepreg 
layers. When fabrics are used, one can think of co braiding the optical fibre sensor 
during the production of the fabrics. For example, Jung et al. [1] enforced the optical 
fibre (250 µm) by embedding it in a nylon wire (350 µm) which could then be co 
braided in the fabric. Secondly, the mechanical distortion of the composite material 
due to the presence of an embedded sensor, should be minimized. The size of the 
sensor and its orientation with respect to the reinforcement fibres are important. 
Finally, the strain present in the core of the optical fibre is not equal to that in the 
host material. The relation between both strain fields depends on the mechanical 
properties of the host material and the sensor, on the lay-up of the composite 
material, and on the position of the sensor in a certain layer. Due to the difference in 
mechanical properties, the resolving power of the sensor will be lower than the 
theoretical resolution of the MAxS-sensor. 
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4. 2.  EMBEDDING PROCEDURE 
4. 2. 1.  Entry point 
The robust entry point of optical fibre leads in a composite component is needed for 
the successful cost-effective development of embedded sensor technology [2]. The 
sudden transition of the fibre surrounded by the in most cases stiff host material to 
the freely bendable fibre gives rise to in- and egress points which are prone to 
breaking. Accidentally touching this fragile point, or clamping the fibre while 
moving a structure, can already lead to fibre breakage. Coating the fibres or covering 
them with additional elements can initiate damage in the material. As such, the 
protection or interconnection of the in- and outcome of an embedded optical fibre 
sensing system should be defined as follows [3, 4]. 
It should be robust, since production processes as well as operating environments of 
such qualitatively high level structures can be very aggressive in terms of 
temperature (up to 200°C), pressure (up to 15 bar) and handling, especially at the 
edges of the structure. Connecting and disconnecting the sensor should remain 
simple and easy to handle, and have a certain flexibility in this matter. During 
manufacturing, the optical losses in terms of power should be kept as low as 
possible (e.g. by avoiding microbending of the fibre). A critical issue is distortion of 
the material; the distorted region should be small in dimension and should not 
influence the strength of the material or be a starting point of damage (e.g. 
delamination) in the structure. At last, compatibility with standard connector 
systems from telecommunications industry is preferred, to enable standard 
interfacing with continuously developing instrumentation technology. 
In literature, in- and outcome of the optical fibres can be divided into three major 
categories: the bare fibre with or without treatment after production, the 
connectors (edge or surface mounted), and the protected fibre (edge or surface 
outcome). 
4. 2. 1. a.  Bare fibres 
A fibre can be embedded in composite material without any precaution. This method 
is only applicable for laboratory purposes and is very vulnerable to breakage during 
production as well as during handling of the test samples (Figure 4-2). The only 
protection is the primary coating (acrylate, polyimide or Ormocer®) of the optical 
fibre. Therefore, several authors searched for methods to cover the bare fibre after 
production of the composite structure to make the in- and egress points more robust. 
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Figure 4-2: Entry point of an optical fibre embedded in a composite material without 
any protection. 
 
De Waele[5] protected the entry point of the optical fibres with some flexible 
silicones after manufacturing of the composite panel (Figure 4-3). 
 
 
Figure 4-3: In- and egress points of optical fibres embedded in a composite panel 
protected with flexible silicones.[5]  
 
In fibre reinforced epoxy composites, the viscosity of the matrix drops to very low 
values during manufacturing. As a result, a certain amount of resin flows at the 
edges of the laminate  (Figure 4-4). This can adhere to the optical fibres, causing an 
embrittlement of their entry points. This embrittlement makes demoulding of a 
composite laminate without breaking the optical fibre very difficult. Additionally, in 
most applications edge trimming is needed after fabrication, which is not possible 
whenever an optical fibre is present. 
 
 
Figure 4-4: Edges of a composite plate after production; excess of resin should be cut 
away. 
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This method was immediately dropped for any application whatsoever because it 
lacks robustness during production [6]. 
4. 2. 1. b.  Connectors 
Green et al. [3] led the fibre out from the surface of the host material, and mounted a 
connector to the surface (Figure 4-5). Surface mounted connectors as well as fibre 
throughputs at the surface have the disadvantage that the local curvature of the 
optical fibre can cause high optical losses. Maintenance and attainability of the 
connectors inside aircraft wings or structures can be difficult. 
 
 
Figure 4-5: Surface mounted fibre optic backplane connector[3] 
 
Therefore, several authors tried to embed a connector at the edge of the structure 
[6-8] (Figure 4-6 and Figure 4-7). Great advantage of this method is that the optical 
fibre is connected to the measuring device, only during measurements, which 
reduces the risk of fibre failure during operation and fabrication (demoulding). The 
largest disadvantage is that the composite plate is heavily distorted at the position of 
the entry point. De Waele [5] embedded an OptoClipII-type connector, which is a 
very robust but not commonly used connector for telecom applications. It is 
embedded in a silicone form prior to embedment in the composite plate. The shape 
of the silicone was designed to have a smooth transition from the thickness of the 
connector to the thickness of the laminate, since a sharp transition would make the 
composite very prone to delaminations.  
Figure 4-6 [6] shows a precision ceramic ferrule, that has been embedded into 
composite laminates. These ferrules are the critical components of standard optical 
fibre connectors. They have an outer diameter of 2,5 mm and the ferrule end is 
polished together with the fibre to provide the required smooth contact surface for 
low-loss and low reflection optical signal transmission. 
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Figure 4-6: Composite plate with embedded optical fibre and fibre connector, fabricated 
using the autoclave process [5, 6] 
 
Figure 4-6 shows two practical examples of composite specimens with an embedded 
connector. Only partial edge trimming of the composite remains possible. Therefore 
Sjôgren et al. [8, 9] developed a similar method as Green et al. [6], however, now 
only the ferrules are embedded at the edges of the composite laminate, which allows 
edge trimming. During manufacturing, the ferrules are covered with PTFE dummies. 
An example of such an embedded connector is shown in Figure 4-7. Several 
connectors were evaluated and tested for the remaining strength of the composite 
laminate. It was shown that the failure tensile stress and strain were approximately 
50% lower for the specimens with embedded ferrules, compared to the specimens 
without. The compressive strength was 75% lower than for the specimens without 
embedded ferrules. It should be noted that these drawbacks could be reduced when 
the shape of the PTFE dummy had already been cut out the prepreg layers. In that 
way, distortion of the structure could be minimized. These data show that this 
solution should only be used at positions of the structure which have no load-bearing 
function. However, the disadvantage of having created a prone point sensitive to 
delaminations, exists. 
 
 
Figure 4-7: The embedded fibre-optic connection. Twenty-two prepreg plies were cut to 
accommodate the embedded ferrule [8] 
Multi-axial Strain Monitoring of Thermosetting FRPs with Bragg Sensors 
 
116 
4. 2. 1. c.  Sleeve protection 
Due to the possible damage initiation and large distortion of the host material caused 
by edge connectors, other solutions were needed. By locally adding a sleeve locally 
at the in- and outcome of the fibre, better protection is reached than for a bare fibre 
and the embedding procedure is more simple. De Waele [5] embedded a piece of the 
protective coating of the optical fibre into the material and realized a smooth 
transition of the brittle fibre into the stiff composite material (Figure 4-8). 
 
   
Figure 4-8: In- and egress points of an optical fibre embedded in a composite material 
protected by embedding a part of the protective coating of the optical fibre [5]. 
 
In [2, 10-13], the authors solved the problem related to the necessary composite 
edge trimming by leading the fibre out through the surface of the structure. In 
[2, 13], the optical fibre is prepared for embedding by sleeving it with two polyimide 
and two Teflon tubes of increasing diameter (Figure 4-9). As such, a certain strain 
relief and thus robustness is created at the egress of the optical fibre. Guemes et al. 
[11] and Kang et al. [12] lead the fibre out at the surface by extracting it through 
holes and slits created in the layers of the laminate (Figure 4-10 and Figure 4-11). 
This point can then eventually be reinforced with a strain relieving structure to avoid 
damage initiation [12]. 
 
 
Figure 4-9: Cross section diagram of optical fibre egress from a composite part showing 
the stepped protective tubing and the silicone strain relief. [2] 
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Figure 4-10: Blade-stiffened panels with embedded optical fibre sensors, in- and egress 
is covered by teflon tubing [11]. 
 
Figure 4-11: Extraction of an optical fibre through holes and slits (left), application of an 
optical fibre protector (right) [12]. 
 
During the MASSFOS project [4], researchers used extra Kapton® foil to protect the 
fibre outcome. In order to make customised Kapton® foil flex circuits, the fibre is 
sandwiched between two Kapton® layers (type 100 HN, temperature range: 
-273°C-400°C [14]) (Figure 4-12). One part of the flex circuit with the FBGs will be 
embedded in the composite structure, whereas the other part will exit the structure, 
offering a good protection to the fibres. Figure 4-12 shows a model of a customised 
Kapton® foil. 
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Figure 4-12: Model of customized Kapton® foil (left). In- and egress configuration of an 
optical fibre covered with Kapton foil [4] 
 
Guemes et al. [11] and the author of this work covered the fibre outcome with a 
Teflon tubing (PTFE-tubing, 900 µm outer diameter Figure 4-10 and Figure 4-13). 
The Teflon tubing is very flexible, which creates the opportunity to gently remove 
excessive resin flow at the edges of the laminate [15]. Great advantage of the Teflon 
tubing over the Kapton® foil is that the whole fibre (entry point as well as non-
embedded tail) is covered and thus protected. In addition, the Teflon tubing gives 
more strength to the optical fibre when handling the test specimens, which is 
favourable in clamping the specimens during the executed experiments. 
 
 
Figure 4-13: The ingress point of the optical fibre is protected using a Teflon tubing [15]. 
 
Kapton® foil or flexible Teflon tubing as reinforcement have proven to work in a 
lab environment. These are robust methods which can withstand high temperatures 
and pressures. Though, for real-life applications, a fibre supported or not supported 
on top of the structure or at the edges is not an option. The solution for all these 
problems could possibly be found in the research on free space optical data 
communication. In this, an optical fibre is embedded in a host material and the light 
is spacelessly transmitted to and from the fibre sensor [16-18] (e.g. Figure 4-14). 
One can, however, have questions on practicality, complexity and cost of such a 
technology for in-flight monitoring purposes.  
 
Kapton®
Adhesive  Optical fibre 
Kapton®
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Figure 4-14: Free-space optical porting technique using a self-powered, semiconductor 
based electronically active transceiver. 
4. 2. 2.  Fibre orientation procedure 
Using HiBi-fibres (Section 2. 3. 2), it is necessary to realize the correct orientation 
of the fibre when being embedded in a host material. Bad orientation of the fibre 
(illustrated by angle  in Figure 4-15) could lead to large errors in the interpretation 
of measured values of strain.  
 
 
Figure 4-15: Example of two embedded PM optical fibres, one well-oriented and the 
other  degrees misaligned. 
 
Two samples were made, one with an embedded fibre misaligned over 13 deg with 
respect to the surface of the host material, and another misaligned over 60 deg 
(Figure 4-16). By putting a uniform stress on top of the structure (Figure 4-15), one 
can see that the Bragg peak shift is clearly different for both sensors. (Figure 4-17) 
which could lead to an underestimation of the present strain field in the composite 
material. 
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Figure 4-16: Orientation of two embedded fibres, one with a misalignment of 13 deg, the 
other with a misalignment of 60 deg 
 
 
Figure 4-17: Normalized Bragg peak shift vs. applied pressure for the FBG bow-tie in 
sample 1 (left) and sample 2 (right). =60 deg and =13 deg respectively 
 
One can theoretically estimate the error on the calculated strain components due to a 
badly oriented sensor. As an example, a uniform pressure of 1 MPa is put on top of 
two unidirectional carbon fibre epoxy laminates. The induced strains along the 
optical and thus mechanical eigenaxes of the HiBi-fibre can be calculated as 
function of the angle of misalignment and compared with the strains in a correctly 
oriented fibre. Table 4-1 shows that large errors can be made in spite of small 
orientation errors. We should note that in this theoretical example only small strains 
have been taken into account for which the optical eigenaxes do not rotate 
significantly. Of course this last effect, which has already been discussed in 
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section 2. 4. 2. c., will also influence the measurements. It should be noted that the 
error has been determined using the theoretically calculated transfer coefficient 
matrix (section 4. 5. 2. a.). These results highlight the importance of a good 
orientation procedure. In the next sections some procedures will be discussed. 
 
Table 4-1: Measurement error on the transverse strain components when a transverse 
pressure of 1MPa (σzz) is put on top of the host structure.  
 
εyy 
[µε/MPa] 
Fault on εyy 
[µε/MPa] 
εzz 
[µε/MPa] 
Fault on εzz 
[µε/MPa] 
15 deg 50.0 -14.5 -166.7 14.5 
30 deg 50.0 -54.2 -166.7 54.2 
45 deg 50.0 -108.3 -166.7 108.3 
60 deg 50.0 -162.5 -166.7 162.5 
 
It should be noted that if it is possible to inspect the fibre’s orientation in a non-
destructive way after production of the structure, the measurement error can be 
considered for the ultimate result. Micro-tomography (high-resolution 3D X-ray 
micro-tomography or micro-CT scanning) commonly used to visualize damage or 
structural changes inside fibre reinforced plastics can be considered [19] as a 
promising solution for this matter. In this work, however, we rely on polished 
intersections of samples in post mortem analyses to compare several orientation 
procedures. 
4. 2. 2. a.  Backscattering Technique 
This method for monitoring the orientation of the principal birefringent axes 
involves side illumination with a HeNe laser to generate a backscattered interference 
pattern determined by the fibre cross section [20] (Figure 4-18). By rotating the 
fibre, the backscattered interference will alter which allows the determination of the 
right orientation of the HiBi-fibre. 
 
Figure 4-18: A schematic of the backscatter technique for alignment of the principle 
axes showing the laser, the rotational fibre mounting, and screen [20]. 
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The reliability of such a method was not checked since the necessary optical 
components were not available. 
4. 2. 2. b.  Marked ferrules 
In this procedure, the orientation of the bow-tie at both ends of the fibre is marked 
by placing a ferrule with a thin red line (Figure 4-19). Alignment of these ferrules 
was realized by first cleaving and orienting the fibre under a microscope and finally 
fixing the ferrules. The author had minimum control on this procedure, since the 
ferrule placement was done at the company that inscribed the FBGs in the HiBi-
fibre. The embedding procedure can be summarized as follows: firstly 
(Figure 4-20 A), the fibre is oriented by aligning the ferrules, pretensioning and 
positioning the fibre above the CFRP-sample. Then, the sample is lifted until the 
optical sensor touches the prepreg layers (Figure 4-20 B). Finally, the remaining 
prepreg layers can be placed on top of the structure (Figure 4-20 C). 
 
thin red line  
Figure 4-19: Picture of a standard ferrule for optical fibres. The orientation of the fibre 
is marked with a thin red line (not visible in this picture). 
 
This method, however, has a couple of drawbacks. The alignment is performed over 
a relatively large distance compared to the dimensions of the sensor 
(fibre length = ~ 1 m and sensor length = ~1 cm). As such, it is difficult to sustain 
the correct orientation of the optical fibre at the position of the sensor, because it 
tends to rotate on the reinforcement fibres in steps (B) and (C) of the embedding 
procedure (Figure 4-20). In addition, an insecurity exists on the amount of torsion 
the bow-tie threads get during production (fibre drawing and coating placement) 
[20]. This leads to an unknown orientation during step (A) of the embedding 
procedure at the sensor spot. 
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(A) 
Ferrule
CFRP‐sampleKapton®
Optical fibre
 
 
(B) 
 
 
(C) 
Figure 4-20: The orientation method using marked ferrules at the end of the fibre. (A) 
The fibre is oriented according to the ferrules, pretensioned and positioned above the 
CFRP-sample. (B) The sample is lifted until the optical sensor touches the prepreg 
layers. (C) The rest of the CFRP-sample can be placed on top of the structure. 
 
Figure 4-21 (A) shows the origin of draw induced internal rotation of the 
birefringent axes due to the rather small misalignment of the fibre draw traction 
surfaces. It was experimentally found that when freely hanging the optical fibre 
(with ferrules), the red dots on both ferrules are no longer in line. The fibre had 
undergone a torsion of approximately 90 deg (Figure 4-21 (B)).  
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(A) (B) 
~ 1 m
 
Figure 4-21: (A) Schematic illustration of the fibre drawing process. Misalignment of the 
fibre draw traction surfaces cause internal rotation of the birefringent axes [20]. (B) 
Observed torsion of the HiBi-fibre.  
 
Table 4-2 Misalignment observed using the orientation procedure based on marked 
ferrules. 
CFRP Lay-up Sample 1 Sample 2 
 [deg] [deg] 
[0]16 10 80 
[02,902]2s 69 62 
[90]16 15 15 
[+452,-452]2s 54 57 
[02,902]6s 39 25
 
In Table 4-2, the orientation errors made for 10 samples, using this method are 
shown. The results in bold are not acceptable in terms of measurement errors 
(Table 4-1). As discussed before, the angles were measured by taking a cross section 
of the CFRP-sample at the sensor location, polishing it and determining the angle 
between the slow axis and the surface of the sample (horizontal line in Figure 4-22). 
 
Detail 
Chapter 4                                                Embedded Fibre Bragg Gratings 
 
125 
 
Figure 4-22: Detail of a cross section taken at the location of the sensor to determine the 
orientation of the optical fibre (bow -tie fibre). 
4. 2. 2. c.  Microscopic inspection 
The orientation is determined by taking a microscopic picture from the side of the 
fibre (Figure 4-23). This method is derived from the splicing procedure for uncoated 
HiBi-fibres. During this process, the orientation is controlled using a visual 
inspection of the stress bars in the cladding. 
 
(A) 
 
 
 
(C) 
 
 
 
(B) 
 
 
 
(D)  
 
Figure 4-23: The orientation method using a microscope to orient the HiBi-fibre; θ equal 
to (A) 0 deg , (B) +45 deg, (C) 90 deg, (D) 135 deg 
 
Most fusion splicers view the fibre from the side, focusing on the core with a fairly 
narrow depth of field. Since the stress members extend in both directions well 
beyond the plane of the core, they remain substantially out of focus. For this reason, 
the fibre provides a distinct pattern of two dark lines (90 deg), transitioning to a 
single dark line (0 deg). In practice, the internal structures of both fibres appear as 
the series of lighter and darker lines that may be seen in Figure 4-23 (magnification 
x 200, Sumitomo 35SE Rotary Fusion Splicer). In these images, the main structures 
that relate to the stress members are the pair of distinct, parallel, ‘shadowed’ lines. 
As the fibre rotates, one line grows stronger and the other fades as they move in and 
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out of the focal plane, during their orbit around the core. This method has not been 
used in practice because our rotation stages were not aligned accurately enough, 
which leads to defocusing of the total fibre during its rotation. 
4. 2. 2. d.  Calibration procedure 
By determining the maximum sensitivity of the bow-tie FBG during a qualitative 
calibration (section 2. 4. 2. c.), one can determine the angle of the mechanical 
eigenaxes (fast/slow) of the fibre (Figure 4-24). Once these axes are found, the 
orientation of the HiBi-fibre is fixed with small epoxy drops resulting in a sensor as 
depicted in Figure 4-25. The biggest advantage compared to the ferrule method is 
that only the sensor part is oriented, and, as such, extra rotation of the HiBi-fibre 
during production is omitted. The tabs prevent extra rotation during sensor 
placement because of the settling of the sensor in between the reinforcement fibres. 
 
 
0 90 180
0.1
0.1
0.2
0.3
slow axis
fas t axis
Rotation angle [°]
L
oa
d 
re
sp
on
se
 [n
m
/(
N
/m
m
)]
 
Figure 4-24: Defining the maximum and minimum sensitivity (dashed vertical line) for 
respectively the fast and the slow axis of the Bow-tie FBG for θ є 0…π using the 
calibration method described in Chapter 2. 
 
 
Figure 4-25: Fixing the orientation of the sensor using epoxy tabs right behind the FBGs 
 
Table 4-3: Results of the orientation procedure using a qualitative calibration method 
for several lay-ups of the CFRP-samples 
CFRP Lay-up Sample 1 Sample 2 
 [deg] [deg] 
[0]48 14 8 
[02,902]6s 0 32 
[+454,-454]3s 45 32 
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In Table 4-3, the experimental results for this method are listed for several lay-ups 
of CFRP-samples. Better results were obtained than when using the method of the 
marked ferrules. The largest drawback of this method is distortion of the host 
material during embedding of the epoxy tabs (Figure 4-26), which could lead to 
damage initiation in the laminate. Therefore, the epoxy tabs need to be kept as small 
as possible, especially in the case of thin laminates. A second drawback is the 
embrittlement of the fibre due to rigid tabs, which could lead to breakage of the fibre 
during the embedding process.  
 
Epoxy tab
Composite laminate
 
Figure 4-26: Distortion of the laminate due to an embedded epoxy tab. 
 
In order to solve these drawbacks, the epoxy tabs could be replaced by prepreg tabs 
(Figure 4-27). Since these prepreg tabs have the same material properties as the base 
material, no distortion is to be expected. Coupons with a [02,902]6s and a 
[±45,02,902,±45]s lay-up were fabricated in this way. At the surface of the laminate, 
no visual external distortion could be noticed even for a thin laminate. 
 
 
Figure 4-27: Fixing the orientation of the sensor by using prepreg tabs 
 
Remark that using this calibration procedure for orienting the fibre along a certain 
axis is quite straightforward. However, since this procedure is only performed for 
one of the two FBGs of the MAxS-sensor (3cm separated from each other), the 
second FBG could have a slightly different orientation because of intrinsic bow-tie 
rotation during production (section 4. 2. 2. b.). In addition, it is possible that during 
handling, i.e. fixation of the fibre using epoxy or prepreg tabs, or even during curing 
of the laminate, the orientation differs from the one obtained during the calibration 
process.  
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It can be stated that yet an optimal solution which is simple, low in cost, not labour 
intensive, and particularly very accurate was not found. However, the best results 
were obtained using the calibration procedure. Therefore, this procedure will be used 
in the rest of this dissertation. 
4. 3.  COATING OF THE EMBEDDED OPTICAL FIBRE 
The coating is the interface between the optical fibre and the host material, and can 
have a definite impact on the transfer of stresses and strains from the matrix to the 
fibre. By choosing the right coating, this transfer can be improved in certain 
principal directions. For example, it is possible to choose a coating for which stress 
concentrations around the fibre can be avoided and composite distortion minimized 
[21, 22]. 
The first studied coating is commonly used in telecommunications, namely acrylate. 
For these applications, the coating serves as a protective layer against moisture and 
to stop undesirable modes of the light in the cladding [23]. In most cases, the coating 
consists of a soft (low stiffness) and a hard (high stiffness) coating which makes 
them easy to strip (the low stiffness of the direct coating is to be avoided in sensor 
applications in terms of strain transfer). A major requirement is that the coating 
should survive the production process of the composite specimens. Therefore, 
acrylate is less suited for sensor applications, since its glass transition temperature is 
around 100°C [23] (from that point on acrylate becomes viscous), which is a lot 
lower than the fabrication temperature of autoclave produced composite materials 
(120°C for glass fibre-epoxy and 180°C for carbon fibre-epoxy). 
The second type is polyimide coated fibre, which is typically more rugged than the 
acrylate type. The protective polyimide film is thermally stable for brief periods of 
time near 600°C and can be used for extended periods at 300°C [23]. Polyimide 
coatings typically are much thinner (8-20 µm) than acrylate coatings (63 µm) due to 
processing requirements. 
An Ormocer® (organic modified ceramic) coating is the last type considered. A lot 
of properties and applications (except the temperature resistance) of Ormocer® 
coatings are given in Haas et al. [24]. For more information, the reader is also 
pointed to the website of the Fraunhofer isc [25]. 
Two methods are used here to experimentally compare these three different types of 
coatings (Table 4-4). The first one is the stripping test in which the fibre is clamped 
at one side between two knives that strip the coating of the fibre. The second one is 
the pull-out test. Several experiments were executed, and a general judgement was 
made based on the peak load and the shape of the obtained curves. The experiments 
were done by the author during the MASSFOS-project [26]. 
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Table 4-4: Dimensions of the different coated optical fibres. 
Type Curing type 
Fibre diameter/total 
diameter [µm] 
Remarks 
Acrylate UV 125/245 Dual layer 
Polyimide Thermal 125/155  
Ormocer® UV 125/195 2 different types 
4. 3. 1.  Strip force test 
The strip force test is widely used in the fibre optic telecommunications industry. 
This force is connected with the mechanical properties of the coatings, and with the 
adhesion between the coating and the glass. Figure 4-28 gives an example of a strip 
force test arrangement [27]. At one end, the fibre is clamped in a stripper, which 
consists of 2 knifes mounted transversally onto the fibre. On the other end, the fibre 
is wound on a drum, which is pulled by a universal test machine at constant velocity. 
While pulling, displacement and applied load are measured. Because polyimide is 
difficult to strip mechanically this coating will not be evaluated in a strip force test. 
When embedded in carbon fibre-epoxy components, the optical fibre will be 
exposed to high temperatures during the curing cycle, which might influence its own 
properties and those of its coating. Therefore, a series of fibre strip force tests were 
done on fibres that had undergone different heat treatments (4 hours in an oven at 
125°C or 4 hours at 180°C). Since acrylate is unable to withstand temperatures 
above 100°C, only the Ormocer® coated fibre was heated. 
 
 
Figure 4-28: Example of a strip force test arrangement [27] 
 
No significant deterioration of the coating properties was observed for the 
Ormocer® coated fibre after a certain heat treatment [26]. Therefore, the strip force 
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will be compared only for Ormocer® coated and acrylate coated fibres without heat 
treatment. The strip force curves of the Ormocer® coated fibre (Figure 4-29, Left) 
show a saw tooth pattern, which can be interpreted as follows: while pulling the 
tensile force is increased, since the coating prevents the fibre from moving across 
the stripper. Due to the increased tensile force, the fibre is strained and thus 
elongates; this explains the rising of the curves. This process continues until the 
tensile force is higher than the adhesion force between the coating and the fibre (i.e. 
the strip force). At that point, the coating-fibre interface breaks at the fibre in the 
stripper and the tensile force immediately drops down. As such, the maximum strip 
force for each sample was determined and averaged over 4 samples. The average 
stripping force is similar to that of the heated fibres (around 4 N). 
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Figure 4-29: Result of a strip force test on Ormocer® coated fibre without heat 
treatment (left) and standard acrylate coated fibre without heat treatment (right) [26]. 
 
In order to compare, the results of a strip force test on standard acrylate coated fibre 
are also shown in Figure 4-29 at the right (no heat treatment). In the beginning, a 
threshold force of roughly 2 N is needed to strip the fibre. Once this force is reached, 
stripping goes very easily and the absence of the saw-tooth pattern indicates a much 
lower adhesion between coating and fibres compared to the Ormocer® coating. 
4. 3. 2.  Pull-out test 
This type of test is popular in defining the fibre/matrix interface of reinforcement 
fibres bonded in some kind of epoxy [28, 29]. In this test, a single fibre is pulled out 
of the surrounding matrix; the corresponding load versus displacement is recorded 
(Figure 4-30). The same procedure can be used for optical fibres with or without 
coating to define the fibre/matrix, fibre/coating and coating/matrix properties. The 
experimental configuration for the pullout tests is depicted in Figure 4-30 (left), in 
which t is the embedded length of the fibre, Pa is the applied load, ld is the debonded 
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length, l0 is the initial fibre length and δ is the recorded displacement. According to 
Kerans et al. [30] failure of the fibre/matrix interface will initiate in the region of 
induced maximum stress, located near the surface (Figure 4-31). After failure, the 
stress will shift and increase. At this point (point a in Figure 4-30 right), the shear 
stress needed to drive the debonding crack is the same, however an additional 
friction stress is causing an increase of the necessary pullout load. Due to friction, 
the maximum load occurs near the end of the process when the debonding crack has 
propagated nearly to the fibre end. At that point (point b in Figure 4-30 right), the 
shear stress at the interface becomes sufficient to break the remaining bonded length 
catastrophically. The load required for further pullout then drops to the level 
necessary to slip the debonded fibre against friction. 
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Figure 4-30: The experimental configuration for the pullout tests (left). A theoretical 
drawing of the load-displacement plot during fibre pullout, debonding initiates at "a" 
and is complete at "b" (right). 
 
As mentioned before the fibre/matrix interface consists of two interfaces: the 
fibre/coating interface and the coating/matrix interface. In the following pullout 
tests, the fibre/coating interface was always the weakest because debonding 
happened at that interface. 
The different types of coated fibres were embedded over 4cm in an epoxy (LY556-
HY917-DY070 which is commonly used in aerospace) and cured for 4h at 125°C or 
for 4h at 180°C. As reference for the acrylate coated fibres, an extra epoxy sample 
which cured at room temperature was used. 
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Figure 4-31: Schematic drawing showing the variation of the shear stress along the 
interface (a) before debonding initiation and (b) after debonding has progressed over a 
length ld [30]. 
Acrylate 
The results of the pullout tests performed on the acrylate coated fibre samples are 
depicted in Figure 4-32. The recorded curves have the expected shape as discussed 
above, however they show some mutual differences. The epoxy sample cured at 
room temperature reaches the highest tensile force (over 9 N). The samples cured at 
higher temperatures (125°C and 180°C) all exhibit a much lower maximum tensile 
force (< 4 N). Hence, the high temperature curing has reduced the bonding strength 
of the coating/fibre interface which is caused by the low temperature resistance of 
acrylate. 
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Figure 4-32: Pullout tests of samples with acrylate coated fibre in epoxy cured at 
different temperatures. 
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Polyimide 
The same tests were done for the polyimide coated fibres. The results are depicted in 
Figure 4-33. The curves differ slightly from the typical pull-out curve (Figure 4-30) 
because of the absence of the sharp drop in applied load. This indicates that friction 
forces are relatively high for this fibre/coating interface. It is indeed generally 
known that polyimide attaches very well to the glass fibre, which is also the reason 
why it is difficult to mechanically strip polyimide coated fibres. 
The maximum applied load is much higher than for the acrylate coated fibres. Most 
samples reach their maximum at around 40 to 50 N. Since polyimide is able to 
withstand high temperatures, no temperature deterioration is observed. Note also the 
small saw tooth pattern superimposed on most of the curves. This is caused by the 
so-called stick-slip effect [31]. This effect occurs in mechanical problems where a 
body is exposed to friction forces. Two types of friction can be observed: static and 
dynamic friction. Static friction between 2 bodies occurs when both objects are at 
rest. The friction force is proportional to the external force acting upon the body 
(here the fibre pulling force) and the proportionality is given by the static coefficient 
of friction. Dynamic friction occurs when one body moves with respect to the other. 
Again, there is proportionality but this is given by the dynamic coefficient of 
friction, which is in general smaller than the static one. Hence, it requires more force 
to get an object starting to move than to keep it moving, and the coefficient of static 
friction acts like a threshold for the object to be moved. This threshold is the 
boundary between ‘slipping’ and ‘sticking’, hence stick-slip. 
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Figure 4-33: Pullout tests of samples with polyimide coated fibre in epoxy cured at 
different temperatures. 
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Ormocer® 
Two types of Ormocer® with different Young’s modulus were tested. The samples 
named PO-or4-5 and PO-or4-6 are fibres coated with a new type of Ormocer® 
which has a lower Young’s modulus. The results of the pullout tests are presented in 
Figure 4-34. In all cases, fibre failure occurred before complete pull-out. Final 
displacements are small, though maximum tensile forces are comparable to those 
observed for the polyimide samples (between 20 and 50 N).  
The curves for the first (PO-or4-1 to PO-or4-3) show a noticeable saw tooth pattern 
whereas those for the other Ormocer® coated samples show a more moderate saw 
tooth pattern. In both cases, the presence of the saw tooth has the same origin as in 
the case of the stripping tests discussed in section 4. 3. 1.. At first, the fibre is 
linearly strained with increasing load. Shear stress builds up until it becomes larger 
than the debonding force. At that point, the interface fails and a loud ‘tac’ sound is 
audible. Part of the fibre comes loose from its coating and the tensile force is 
redistributed over the prolonged loose fibre, resulting in a relaxation of the applied 
load (sharp drop of the saw tooth). Because of the better fibre/coating interface of 
the first type of Ormocer®, the size of the saw tooth pattern will be larger. Note that 
early fibre breakage can be related to the sudden release of energy when the built up 
shear stress has become larger than the debonding force. In addition, no temperature 
deterioration is observed. 
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Figure 4-34: Pullout tests of samples with Ormocer® coated fibre in epoxy cured at 
different temperatures. 
Uncoated fibre 
For this test, the fibre coating was mechanically removed before being embedded 
into the epoxy. Figure 4-35 shows the result of one pullout test on a failed sample 
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that was cured for 1 h at 70°C and 4 h at 180°C. The fibre/matrix interface broke at 
20 N, which is worse than Ormocer® and polyimide but a lot better than acrylate. 
The sudden drop in the curve is not due to fibre breakage but due to a 
catastrophically failure of the interface. The built up shear stress was high enough to 
break the complete fibre/epoxy interface. 
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Figure 4-35: Pullout tests of a sample with a non-coated fibre in epoxy 
Summary 
Different coating types were examined in order to determine the adhesion properties 
of a fibre embedded in epoxy (pull-out) and the strength of the fibre/coating 
interface (stripping test). It was found that Ormocer® and polyimide showed 
excellent adhesion properties in both tests. Even a naked fibre had reasonable 
adhesion, though friction forces after breakage of the fibre/epoxy interface were 
very low. Acrylate showed poor adhesion properties. Based on these results, it can 
be stated that Ormocer® as well as polyimide are acceptable as coating for the 
optical fibre lead inside the composite structure. However, in this work, no coating 
was applied at the sensor region to obtain a good transfer of the total strain field in 
the host material onto the sensor. A secondary coating generally has a much lower 
Young’s modulus than the glass fibre and therefore it can act as a buffer. 
4. 3. 3.  Evaluation of interface properties with a chirped grating 
In this section, a new method is proposed to follow up the interface properties of an 
embedded recoated fibre during pull-out. During a conventional pull-out test only 
displacement and applied load is recorded. It will be shown that by embedding a 
chirped grating written at the fibre end in a pull-out sample, one can measure the 
debonded length as well. This method was developed in cooperation with Multitel 
(Mons, Belgium). 
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In chirped gratings, the period of the grating ( Λ ) varies along the length of the 
grating. As such, the Bragg wavelength ( 2B effnλ = Λ ) also changes, resulting in the 
broad spectrum of Figure 4-36 (right). 
 
 
Figure 4-36: Comparison of the reflected wavelengths for a uniform Bragg grating (a) 
and a chirped Bragg grating (b) [32]. 
 
The sensor configuration for this pull-out test is an 11.5 mm long recoated chirped 
fibre Bragg grating which is embedded in an epoxy sample. The strain outside the 
sample is measured using a 1mm long uniform fibre Bragg grating. The recoating of 
the chirped grating is done with acrylate (Figure 4-37). 
 
 
Figure 4-37: FBG sensor configuration used to evaluate the debonded length during a 
pull-out test 
 
The reflected spectrum of this configuration is given in Figure 4-38, in which the 
plateau (1530-1545 nm) is caused by the chirped grating and the single peak 
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(1557 nm) is caused by the uniform grating. During the pull-out test, the reflected 
spectrum is measured every 4 seconds with a commercially available interrogator 
(FBG-scan 406 of FOS&S [33]) 
During a preliminary experiment, the spectrum of the chirped grating will grow in 
width while the single Bragg peak shifts to the right due to straining of the external 
part of the fibre (Figure 4-39). 
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Figure 4-38: Spectrum of the unloaded fibre before pull-out [34] 
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Figure 4-39: Spectrum of the unloaded fibre (full line) and loaded fibre (dashed lines) 
during pull-out [34] 
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Whenever debonding occurs somewhere in between the chirped grating, part of this 
grating will be strained and thus part of the spectrum will shift to higher 
wavelengths. The spectrum of the unstrained part will remain unaltered. As such, a 
local minimum of the spectrum will occur at the position of the end of the partially 
debonded fibre (Figure 4-40). 
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Figure 4-40: Spectra with minima indicating the position of the fibre debonding (spectra 
smoothed with a running average method) [34] 
 
Calculating the corresponding position in the fibre of each minimum gives the 
debonded length as function of time (Figure 4-41). 
This seems a promising method to determine the interface properties of different 
coated optical fibres. However, a faster interrogation unit (higher sample frequency) 
will be necessary for determining the interface properties of for example a polyimide 
or Ormocer® coated fibre. More research is necessary to optimize the proposed 
method. 
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Figure 4-41: Debonded length as function of the time [34] 
4. 3. 4.  Strength of the optical fibre 
The mechanical strength of a coated optical fibre is determined according to the 
IEC793_1_3 standard. The testing is performed using a Zwick Z010 tensile testing 
facility. Fibres with and without heat treatment were tested to check possible 
deterioration of the strength after, for example, the curing process of a thermoset 
material. The tests were executed by winding the fibre at both ends on a drum-like 
fixation. The applied load is recorded as a function of time. The results for the 
tensile test with the pre-heated Ormocer® coated fibre are presented in Figure 4-42. 
The results for the pre-heated polyimide coated fibres are shown in Figure 4-43. 
 
 
Figure 4-42: Tensile tests on Ormocer® coated fibre aged 4 h at 125°C (left) and at 
180°C (right). 
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For the Ormocer® coated fibres, no difference could be observed between the 
samples heated up for 4 h at 125°C and those heated up for 4 h at 180°C. Also, no 
significant difference exists between the pre-heated fibres and the untreated fibre 
(failure occurs at roughly 64 N [26]). However, for the polyimide coated fibres, a 
significant difference can be observed for the heat treatments at both temperatures 
(Figure 4-43). The samples heated up for 4 h at 125°C, already have a lower tensile 
strength compared to the untreated fibres and for the samples heated up for 4 h at 
180°C, the fibres’ tensile strength was reduced drastically to breaking forces of 
±12 N. Note however, that this effect might be related to oxidation of the polyimide 
coating, which possibly deteriorates it and makes it weak at higher temperatures. In 
this case, as the sensor is embedded, the effect will be much lower. 
 
 
Figure 4-43: Tensile test of polyimide coated fibre aged 4 h at 125°C (left) and at 180°C 
(right). 
 
Since the fibres in this work will be stripped prior to writing the FBGs and 
embedding them, it is also worth considering the strength of an uncoated fibre. The 
strength of an optical fibre tends to drop under 1% whenever the coating is stripped 
before writing the FBG [35]. This stripping can be done mechanically or chemically. 
Chemical stripping is preferred (for polyimide this can be done with hot sulphur 
acid; for acrylate and Ormocer®, dichlorometane (CH2CL2) can be used) over 
mechanically removed coatings [36]. If the possibility exists one should write the 
grating during the production process of the fibre [37]. This has never been done 
with HiBi-fibres and, as such, chemical stripping was preferred. It should be noted 
that the failure strain of the host material (M55J/M18 prepreg material from Hexcel) 
is around 0.6% [38], which is lower than the intrinsic failure strength of the optical 
fibre (5%) [39, 40]. 
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4. 4.  DISTORTION OF THE COMPOSITE MATERIAL 
It is well-known that an embedded optical fibre will cause a distortion of the 
material in which it is embedded. This distortion depends on the size of the optical 
fibres, the size of the reinforcement fibres, the type of material used (uni-directional, 
fabric, …), and the relative orientation of the optical fibre with respect to the 
reinforcement fibres. 
Size matters: the smaller the optical fibres the less distortion of the structure. In 
literature, the size of the optical fibres is situated in the range of 125 µm [41] (which 
is a classical telecom fibre) down to 52 µm [42]. Such small diameter optical fibres 
have both mechanical and optical properties similar to those of conventional optical 
fibres with 125 µm in cladding diameter, and do not cause any significant reduction 
in strength of composites when embedded parallel to the reinforcing fibres in 
laminates [43]. When such a small diameter optical fibre is embedded inside a 
lamina, resin-rich regions (also called resin eye) are not found around the fibre. To 
the contrary, this is the case for embedded standard telecom optical fibres 
[5, 35, 44]. The fibres in this work are bow-tie fibres with a cladding diameter of 
80 µm. A comparison between the size of a typical optical fibre and some typical  
reinforcement fibres is found in Table 4-5. 
 
Table 4-5: Comparison of the size of an optical fibre with the size of typical 
reinforcement fibres 
Type of fibre Diameter [µm] 
Optical fibre: 
           non-coated 
           coated 
 
40 – 125  
52-250 
Glass fibre 10 (5 – 20) 
Carbon fibre 6 (5 – 10) 
Kevlar 12 
 
Notwithstanding the absence of a resin eye, embedded optical fibres can still have an 
effect on the mechanical behaviour of the structure in which they are embedded. 
Shivakumar and Emanwori [45] embedded optical fibres with a relative orientation 
to the reinforcement fibres and examined the size of the resin eye. This size was not 
influenced by the relative orientation (when different from 0 deg). Afterwards, 
tensile and compression tests were executed. No significant lower tensile strength 
was observed for all the samples. In compression, however, the strength drops as the 
relative orientation is larger than 60 deg (fibre almost perpendicularly oriented with 
respect to the reinforcement fibres). Structural properties were not affected when the 
fibre was embedded parallel to the reinforcement fibres. In the following work of 
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this dissertation, the optical fibre sensor has always been embedded parallel to the 
reinforcement fibres of the material in which it is embedded. 
 
 
Figure 4-44: Microscopic pictures for different relative orientations of the embedded 
optical fibre to the reinforcement fibres [45]. 
 
This structural strength analysis does not consider the disturbance of the stress/strain 
field. The strain field around an embedded optical fibre is significantly changed and 
the interfacial stresses increase [46]. In addition, the stress/strain field present in the 
composite host material will differ significantly from the one present in the core of 
the optical fibre, due to the different mechanical properties of both materials. 
Several researchers have studied this interaction; an overview is given in the next 
section. 
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4. 5.  STRAIN DISTURBANCE – TRANSFER COEFFICIENT MATRIX 
Figure 4-1 illustrates the overview of a structural health monitoring scheme which 
was given in the beginning of this dissertation. From right to left, the second step in 
this scheme is the transition of strain in the embedded sensor to the local (near field) 
strain in the host material. This strain relationship is simple for equal elastic 
properties of host and sensor, however, in most cases they are substantially different. 
Thus, one needs to be careful when relating the measured strain with the one 
existing in the structure [47]. 
In this work, the embedded sensor is an optical fibre sensor and the host structure is 
a carbon fibre reinforced epoxy which has different material properties (Table 4-6 
and Table 4-7). As such, a strain transfer coefficient matrix (TC-matrix) needs to 
be defined that relates the strain of the sensor with the strain inside the structure as if 
no sensor would be present. This TC-matrix depends on the elastic properties of the 
sensor as well as on those of the host material. 
 
Table 4-6: Elastic material properties for the M55J/M18 carbon/epoxy material 
E11 
[GPa] 
E22 = E33 
[GPa] 
G12=G13 
[GPa] 
G23 
[GPa] 
ν12=ν= 
[-] 
ν23=ν32 
[-] 
ν21=ν31 
[-] 
300 6.3 4.3 2.283 0.32 0.38 0.0017 
 
Table 4-7: Elastic material properties for a fused silica bow-tie optical fibre 
Efibre 
[GPa] 
νfibre 
[-] 
ESAP 
[GPa] 
νSAP 
[-] 
70 0.17 51 0.21 
Several authors have embedded optical fibre sensors in composite material to 
measure axial strain. In most cases, the relationship between axial strain of the 
sensor and host material is given; a coated sensor is used and the influence of 
transverse strain components is neglected. In this section, the author first briefly 
describes the method used by other authors to define the axial strain transfer and 
then switches to a method to define the multi-axial strain transfer. 
4. 5. 1.  Axial strain transfer 
Although in this work only embedded sensors are being examined in detail, the 
author wants to give some remarks on the strain transfer of surface-mounted FBG 
strain sensors. These sensors are embedded in a thin layer of adhesive, and bonded 
to the surface of a structure. The adhesive layer thickness and properties of this layer 
have a certain influence on the strain transferred from the structure to the bonded 
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FBG [48]. Li et al. [49] determined the strain transmission rate of an FBG bonded 
on top of a substrate (Figure 4-45). The strain transmission loss is small when the 
substrate is thick and stiff compared to the bonding layer and the FBG. However, it 
becomes large when the substrate is thin and made of low modulus materials. 
Moreover, bonded on a thin and low-modulus substrate, the FBG changes the 
original strain on the substrate. 
 
 
Figure 4-45: The strain transmission rate as function of the Young’s modulus of the 
substrate and substrate thickness [49]. 
 
Wan et al. [50] found that for a surface bonded fibre, the strain transfer is dominated 
by (i) adhesive thickness between the bottom of the fibre and the substrate and (ii) 
the bond length of the fibre (Figure 4-46). Three different types of fibre were 
considered; the bare fibre gave the best results both analytically as in FEM 
simulations. 
 
Figure 4-46: Variation of strain transfer coefficient for different fibre types as function 
of bond length (bottom thickness = 0.1 mm, side width = 2 mm, top thickness = 0.15 mm) 
[50]. 
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Bond length and thickness are important for mounted optical fibre sensors. 
However, since embedded fibres are completely surrounded by the host material, 
one cannot speak of bond thickness and bond length. Chang et al. [51] found that 
apparent strain gradients only exist over 2 mm starting at the entry point of the 
embedded fibre, which proves that bond length is not an issue. It should be noted 
that this length depends on the material properties of both host and embedded 
optical fibre. A lower Young’s modulus of the host material results as such in longer 
sections of non-uniform axial strain near the ingress and egress sections of the 
optical fibre. 
Cox [52] analytically determined the strain transfer for the case of a finite length 
cylindrical inclusion embedded into a surrounding material with an axially constant 
strain field. Chang et al. [51] measured the load acting in a transverse direction by 
measuring the strains induced by Poisson effects (axial strain) in a direction 
perpendicular to the load direction. In addition, they compared the model of Cox 
with a FE-model. Both approaches showed good agreements. Fan et al. [53] 
experimentally determined the influence of additionally induced radial strain in 
optical fibres whenever embedded in a host material. Once integrated in the 
structure, the gauge factor ( ( )1 P− , Section 2. 2. 2.) of a bare fibre cannot be used 
anymore. The authors tried to quantify this mismatch by producing two [08,904]s 
composite specimens in which two FGBs were embedded; one along the the 0deg 
direction and one along the 90 deg direction. Errors were found up to 8% when 
using the bare FBGs gauge factor for axial strain. To correct this factor, the authors 
suggest to use a coefficient which is dependent on the type of load, tensile or 
compression (respectively + 3% and -8%). 
Former research activities pointed out the need to determine the total strain field 
response of an embedded FBG in a host material. All strain components, not only 
axial strain, have to be considered. 
4. 5. 2.  Multi-axial strain transfer 
Bosia et al [54] studied the response of a sensor embedded in an epoxy specimen 
experiencing biaxial loading. Using finite elements, the difference in strain of the 
host material and the embedded sensor was shown for transversally applied loads. 
However, no longitudinal strain and temperature changes were taken into account. 
Due to the complex interaction between the host material and the embedded optical 
fibre sensors, the relationship between the strain present in the core of the sensor and 
in the host material is difficult to predict and can in general form be written as: 
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11 11 12 16 17
221 22 26 272
61 62 66 676 6
71 72 76 77
sc
sc
c s
c s
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TC TC TC TC
TC TC TC TC
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εε
εε
ε ε
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  4-1 
In which ciε ( 1, , 6i = … ) is the strain of the composite material as if no optical fibre 
sensor was present, siε ( 1, , 6i = … ) is the strain field present in the core of the optical 
fibre sensor. In both cases the subscript 1, , 6i = …  refers to the components of 
stresses and strains in contracted notation [55]. The strain relationship is based on 49 
independent transfer coefficients ( ijTC ( , 1, , 7i j = … )). Considering the dimensions of 
the optical fibre sensor, one can assume that the temperature of the host material 
( cT∆ ) equals that of the sensor ( sT∆ ). As such, Equation 4-1 can be reduced to the 
strain components. 
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In the following, an analytical model based on a study by Kollar et al. [56] will be 
considered. Afterwards, this model will be evaluated using a FEM model for 
different laminates (layer thickness, lay-up, size of the optical fibre, …). 
4. 5. 2. a.  Analytical model for transversally isotropic materials 
Stresses and strains in a transversely isotropic material 
The analytical model considers the optical fibre sensor as a circular inclusion inside 
the host material which is considered to be homogeneous and orthotropic 
(Figure 4-47.). To avoid the presence of a resin eye and associated complexity of 
strain transfer, the sensor is aligned with the reinforcement fibres of the adjacent 
plies of the host material. Perfect bonding, between the fibre and the host material, is 
assumed. Deformations are assumed to be small and both materials (sensor and host) 
are considered to behave in a linear elastic manner.  
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Figure 4-47: A circular isotropic glass fibre embedded inside an orthotropic fibre 
reinforced composite. The sensor is aligned with the reinforcing fibres in the adjacent 
plies[56]. 
 
For a certain load applied at infinity, the strain and stress in the material at a distance 
far from the sensor (3 or 4 sensor diameters [57]) approximate the farfield strain and 
stress (Figure 4-48). Close to the sensor a certain gradient of strain and stress exists 
[57]. In the analysis, we assume that the stresses and strains are constant in the 
sensor. Kim et al. [58] have shown analytically that this condition is valid for 
uncoated sensors embedded in an anisotropic material. 
 
 
Figure 4-48: A hole or an inclusion alters the stress and strain fields in a material. The 
strain of the far field ( iε ∞ ) differs from the strain near the inclusion iε  for example at 
point P. 
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The strains in any point of the sensor and host material are related with the 
displacements ( 1u , 2u , 3u ) at these locations by [59] 
31 2
1 11 4 23
1 2 3
32 1
2 22 5 13
2 1 3
3 2 1
3 33 6 12
3 1 2
uu u
x x x
uu u
x x x
u u u
x x x
ε ε ε γ
ε ε ε γ
ε ε ε γ
∂∂ ∂= = = = +∂ ∂ ∂
∂∂ ∂= = = = +∂ ∂ ∂
∂ ∂ ∂= = = = +∂ ∂ ∂
  4-3 
And, the stress-strain relation is given by 
c
i ij jCσ ε=      4-4 
In which cijC  is the stiffness matrix of an orthotropic material and the inverse of the 
compliance matrix cijS : 
1312
1 1 1
2321
2 2 2
31 32
3 3 3
23
31
12
1 0 0 0
1 0 0 0
1 0 0 0
10 0 0 0 0
10 0 0 0 0
10 0 0 0 0
s
ij
E E E
E E E
E E E
S
G
G
G
υυ
υυ
υ υ
−−⎡ ⎤⎢ ⎥⎢ ⎥⎢ ⎥−−⎢ ⎥⎢ ⎥⎢ ⎥− −⎢ ⎥⎢ ⎥= ⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
  4-5 
iE  are the Young’s moduli according to the principal orthotropic axes. iG  is the 
shear modulus in the i-j symmetry plane. ijν is the Poisson’s coefficient for the jth 
principal axis when loaded according to the ith principal axis. Since the sensor is 
considered to be isotropic, its compliance matrix can be written as: 
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The far field displacements iu
∞  are obtained by integrating the expressions in 
Equation 4-3. In the absence of rigid body motion, the resulting expressions are 
1 1 1 6 2 5 3
2 2 2 4 3
3 4 2 3 3
1
2
1
2
u x x x
u x x
u x x
ε ε ε
ε ε
ε ε
∞ ∞ ∞ ∞
∞ ∞ ∞
∞ ∞ ∞
= + +
= +
= +
    4-7 
 
 
Stresses and strains near a hole or inclusion 
A hole or an inclusion alters the stress ( iσ ) and strain ( iε ) fields. Stress, strain and 
displacement at a certain point P in the near field (Figure 4-48) can be expressed as 
i i i
i i i
i i iu u u
σ σ σ
ε ε ε
∞ ∗
∞ ∗
∞ ∗
= +
= +
= +
     4-8 
iε∗  is related to iσ ∗  through the stress-strain relation of Equation 4-4. For circular or 
elliptical holes, expressions for iσ ∗ , iε∗  and iu∗  have been presented by Lekhnitskii 
[57]. 
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Continuity conditions at the fibre interface 
In order to calculate the applied strains in the optical fibre in relation to the farfield 
strains and temperature, we must invoke two continuity conditions at the interface 
between the material and the sensor. It is sufficient to enforce these conditions at 
only two points on the sensor surface in order to automatically enforce the 
continuity conditions everywhere on the interface between the sensor and the 
surrounding material [58]. We select the points A and B in the x1 = 0 plane 
(Figure 4-48). The displacement continuity condition states that the sensor 
displacements must equal the displacements of the surrounding material at two 
points (A and B) on the sensor surface. 
s
i iu u=    1, 2,3i =      4-9 
Secondly, the interface traction in the sensor and material must be the same. This 
stress continuity condition state that certain sensor stress components must equal the 
corresponding stress components in the surrounding material at two points at the 
interface between the sensor and the material surrounding the sensor 
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=
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Results obtained for an embedded isotropic optical fibre in a transversely 
isotropic host material 
Since shear stress/strain has no influence on the response of an optical fibre Bragg 
grating sensor, equation 4-2 can be reduced to 
1 111 12 13
2 21 22 23 2
31 32 333 3
c s
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The strain components of the sensor siε∆ can be written according to the coordinate 
system that was defined for an optical fibre(Figure 2-3). 
1 3'
2 1'
2 '3
s
s
s
ε ε
ε ε
εε
⎡ ⎤∆ ∆⎡ ⎤⎢ ⎥ ⎢ ⎥∆ = ∆⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥∆∆ ⎣ ⎦⎢ ⎥⎣ ⎦
    4-12 
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If the composite structure is loaded at infinity one can find the strain relation 
(equation 4-11), by using the above described method of Kollar et al. [56]. The 
properties of an isotropic optical fibre (sensor) and a transversally isotropic 
composite material (host material) (respectively in the first two columns of 
Table 4-7 and in Table 4-6) were used to find the TC-matrix. 
ijTC  ( , 1, 2, 3i j = ) is found to be: 
1 0 0
1.035 7.538 0.829
0.878 0.964 6.809
TC
⎡ ⎤⎢ ⎥= −⎢ ⎥⎢ ⎥−⎣ ⎦
  4-13 
In this matrix, TC11 is found to be 1 which means that the longitudinal strain 
component of the host material equals that of the optical fibre sensor. The other 
diagonal elements (TC22 and TC33) are around seven times higher which indicates 
the poor transverse strain transfer. It should be noted that this coefficient will play a 
significant role in the performance of the sensor in terms of strain resolving power 
(section 4. 6.). The longitudinal strain component has a positive influence on the 
transverse strain components, while the opposite transverse strain component will 
have a negative influence of the same magnitude. 
4. 5. 2. b.  FE-model for a transversally isotropic material 
Another method for defining the relationship of the strain field in the core of an 
optical fibre to the one present in the composite material is by simulations through 
finite elements, using the FE-software package ABAQUSTM. Due to symmetry 
reasons only 1/8 of an embedded fibre was modelled (Figure 4-49). The composite 
model (10 mm x 1.2 x 10 mm for a 24 layer laminate) consists of 17600 linear 
hexahedral elements of type C3D8R [60], in the vicinity of the fibre the mesh is 
refined. The total amount of elements depends on the lay-up and on the thickness of 
the laminate (more elements for a thick laminate). The material properties of the 
composite material (M55J/M18 by Hexcell) are given in Table 4-6. The fibre 
( 80 µm x10 mm) consists of 1700 linear hexahedral elements of type C3D8R. The 
material of the optical fibre is fused silica and the properties are given in the first 
two columns of Table 4-7, the properties of the bow-tie SAPs are given in the last 
two columns of Table 4-7. 
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Composite laminate
Optical fibre
 
Figure 4-49: Finite element model used for simulation of the strain transfer between 
embedded optical fibre and CFRP laminate. 
 
The strain transfer coefficients are determined from the simulation by considering 
the three principal strains in the core of the optical fibre and comparing them with 
those in the laminate as if the sensor is not present. 
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The TC-matrix has 9 independent parameters which can be determined from the FE-
models subjected to three independent loading conditions (Figure 4-50, Figure 4-51, 
and Figure 4-52). By substituting the found numerical strains ( 1'ε∆ , 2'ε∆ , 3'ε∆ ) of the 
optical fibre as well as those of the composite material ( xxε∆ , yyε∆ , zzε∆ ) for the 
three loading conditions one will obtain 9 equations from which the 9 unknown TC-
parameters can be determined. 
 
Load
 
Figure 4-50: Transversally applied load (out-of-plane) 
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Load
Load
 
Figure 4-51: Longitudinally applied load 
 
Load
Load
 
Figure 4-52: Transversally applied load (in-plane) 
4. 5. 2. c.  Parametric study 
Using the above described finite element model, one can, by changing several 
properties of sensor and/or host, examine their effect on the TC-matrix. The study 
considers the following parameters: 
• the mechanical properties of the host material (Young’s modulus 
and Poisson’s ratio); 
• the lay-up of the composite laminate (layer thickness and stacking 
sequence); 
• the position of the sensor inside a certain layer of the host material 
(middle or near the boundary); 
• the properties of the sensor (dimension and type); 
Host material properties 
The influence of the mechanical properties (Young’s modulus and Poisson’s ratio) 
of the host material, which is considered isotropic, is evaluated in this paragraph. 
In Table 4-8, the results can be found for the case of changed Poisson’s ratio values; 
the Young’s modulus of host and sensor material are considered equal 
(Eh = Es = 70 GPa). 
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Table 4-8: TC-matrices when host and sensor material have equal Young’s modulus but 
different Poisson’s ratio. 
Eh = Es=70GPa and νs = 0.17 
νh =0.17 νh =0.255 νh =0.34 
1 0 0
0 1 0
0 0 1
⎡ ⎤⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
 
1.000 0.000 0.000
0.078 0.956 0.089
0.076 0.088 0.958
⎡ ⎤⎢ ⎥− −⎢ ⎥⎢ ⎥− −⎣ ⎦
 
1.000 0.000 0.000
0.182 0.878 0.208
0.178 0.204 0.882
⎡ ⎤⎢ ⎥− −⎢ ⎥⎢ ⎥− −⎣ ⎦
 
 
Obviously, when the properties of sensor and host material are the same, the unity 
matrix is found. Therefore, the strain field in the sensor (optical fibre) will equal that 
of the host material (isotropic). Altering the Poisson’s ratio of the host material with 
0.085 (υh = 0.255), the diagonal elements of the matrix slightly decrease (~4%) and 
the other elements become slightly negative (~8% difference). Doubling the 
difference in Poisson’s ratio (υh = 0.34) leads to a more than proportional change of 
the TC-matrix elements. The diagonal elements differ ~12% with the unity matrix 
and the other elements ~20%. 
 
In Table 4-9, the results can be found for the case that the Young’s modulus are 
considered different and the Poisson’s coefficient (υh = υs = 0.17) equal. 
 
Table 4-9: TC-matrices when host and sensor material have equal Poisson’s ratio but 
different Young’s modulus. 
νs = νh =0.17 and Es=70GPa 
Eh =70GPa Eh = 35GPa Eh = 6GPa
1 0 0
0 1 0
0 0 1
⎡ ⎤⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
 
1.000 0.000 0.000
0.100 1.630 0.044
0.097 0.053 1.622
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
1.000 0.000 0.000
1.081 8.013 0.655
1.011 0.882 7.827
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
 
Altering the Young’s modulus of the host material, the diagonal elements of the 
matrix increase significantly. When the host material is less stiff than the sensor, 
only part of the strain is transferred to the glass optical fibre sensor when loading the 
structure in the transverse direction (Figure 4-50 and Figure 4-52). In the TC-matrix, 
this is expressed by an increase of the diagonal elements. Multiply by ~1.6 when the 
host Young’s modulus equals Eh = 35GPa and multiply by ~8 when the modulus 
equals Eh = 6GPa. Further, for a Young’s modulus, which gets near that of the 
transverse modulus (6.3 GPa)of the M55J/M18 composite material used in this 
work, the TCij ( i = 1 and j =2,3) elements of the first column are increased. This 
means that the axial strain component (in most loading cases the highest strain 
component) has a big influence on the calculation of the transverse strain 
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components. In the same order of magnitude, the in-plane transverse strain 
component will have a negative influence on the out-of-plane transverse strain 
component and vice-versa. In most loading cases, these strain components are 
relatively small and have, as such, lesser influence than the axial strain component. 
It should be noted that this depends on the orientation of the sensor in the host 
material. If the sensor is embedded perpendicular to the major eigenaxis of the host 
materials, the in-plane transverse strain component will have the most influence. 
Lay-up of the composite laminate 
Simulations of a glass optical fibre sensor (first two columns of Table 4-7) 
embedded in a composite laminate composed of several M55J/M18/ prepreg layers 
(Table 4-6) are discussed hereinafter. 
First, the thickness of a unidirectional laminate [0]x is changed, which corresponds 
to changing the amount of layers (x) stacked to manufacture the laminate. The 
sensor is located at mid-thickness (Figure 4-53). 
 
[0]X
…x-layers
Single-axial strain sensor 
 
Figure 4-53: Schematic of a single axial optical fibre sensor embedded at the centre of an 
x-layers thick uni-directional laminate. 
 
In Table 4-10, an example of the simulated ratios of fibre strain to laminate strain 
(
s
i
c
i
ε
ε ) is given for a [0]32 laminate for the loading conditions above. For ease of 
comparing, the coordinate system of a single layer of the laminate (1,2,3) is used. 
For example, the axial strain component of the sensor equals 1
sε . 
 
Table 4-10: Strain ratios for three loading conditions applied to a [0]32 laminate. 
Loading direction 1
1
s
c
ε
ε  2 2
s
c
ε
ε  3 3
s
c
ε
ε  
Side ~100% 12.6% 7.4% 
Top ~100% 7.4% 12.6% 
Along fibre ~100% 55.2% 55.2%
 
Using Equation 4-11 and Table 4-10, the TC-matrix can be calculated. The results in 
Table 4-11 start with a laminate consisting of only two prepreg layers and end with a 
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laminate consisting of 100 prepreg layers. The glass optical fibre is embedded in the 
middle of the laminate. 
 
Table 4-11: TC-matrices for a glass optical fibre sensor embedded in the middle of a 
unidirectional laminate [0]n. 
[0]2 [0]4 
1.000 0.000 0.001
1.112 8.509 0.404
0.394 2.118 6.210
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
1.000 0.000 0.001
0.896 7.915 1.045
0.705 1.509 7.315
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
[0]8 [0]16 
1.000 0.000 0.000
0.838 7.732 1.193
0.791 1.309 7.587
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
1.000 0.000 0.000
0.825 7.699 1.231
0.811 1.262 7.647
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
[0]24 [0]32 
1.000 0.000 0.000
0.823 7.708 1.248
0.814 1.265 7.668
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
1.000 0.000 0.000
0.822 7.702 1.25
0.817 1.256 7.675
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
[0]48  
1.000 0.000 0.000
0.816 7.648 1.233
0.821 1.23 7.679
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
  
 
The results in Table 4-11 show that compared to the TC-matrix of an isotropic host 
material with a Young’s modulus of Eh = 6GPa (Table 4-9), the diagonal elements 
(TCij  with i = j = 2,3) are slightly higher. The transverse strain component influence 
is considerably higher (~50%) for the transversely isotropic laminate. This could be 
caused by the additional effect of different Poisson’s ratio of sensor and host 
material.  
When looking at the influence of the thickness of the laminate, another important 
observation can be made for the TCij-elements with i, j = 2,3. This partial matrix is 
symmetric for the thick laminates. However, when reducing the number of layers 
(see e.g. [0]8), it becomes non-symmetric. The TC-matrix of the [0]2 and the [0]4 
laminate differs significantly from that of the thicker laminates, with exception of 
the first row. The cause of this difference can be related to the difference in strain 
disturbance in the surroundings of the embedded optical fibre sensor. In Figure 4-54 
and Figure 4-55, cross sections of a thick ([0]24) and a thin ([0]4) laminate are 
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depicted. The transverse strain components (ε22 and ε33) are shown in the 
surrounding of the embedded fibre. The disturbance fades out for the thick laminate 
while for the thin laminate, the disturbance extends to the boundaries of the 
laminate. This leads to a different TC-matrix for both lay-ups. 
 
Detail
Optical fibre
[0]24 laminate
ε22 strain disturbance
1.2 mm
 
Detail
Optical fibre
[0]24 laminate
ε33 strain disturbance
1.2 mm
 
Figure 4-54: Transverse strain disturbance for a thick laminate [0]24, when loaded on 
top. The optical fibre sensor is embedded in the middle of the laminate. 
 
e22 strain disturbance
[0]4 laminate
Optical fibre
0.2 mm
Optical fibre
e33 strain disturbance
[0]4 laminate
0.2 mm
 
Figure 4-55: Transverse strain disturbance for a thin laminate [0]4, when loaded on top. 
The optical fibre sensor is embedded in the middle of the laminate. 
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In a cross ply laminate ([0x,90x]ns or ([90x,0x]ns), the succession of layers with a 
different stacking direction is rather small (Figure 4-56). Therefore a big disturbance 
can be expected. In Table 4-12, the ratios of the fibre to laminate strain (
s
i
c
i
ε
ε ) are 
given for three independent loading conditions and a [904,04]2s laminate. One can 
observe that the transverse strain transfer is highly dependent on the loading 
situation. For the in-plane strain component, an opposite sign can be observed when 
the laminate is loaded on top and a gigantic strain ratio can be observed when the 
load is oriented parallel to the fibre. However, as will be shown in the following 
results, when calculating the TC-matrix, no big differences were found between the 
uni-directional and the cross-ply laminates. 
 
[90x,0x]2s
Single-axial strain sensor 
90
0
90
0
90
0
90
0
 
Figure 4-56: Schematic of a single axial optical fibre sensor embedded at the centre of 
cross-ply laminate ([90x,0x]2s) 
 
Table 4-12: Strain ratios for three loading conditions applied to a [904,04]2s laminate. 
Loading direction 1
1
s
c
ε
ε  2 2
s
c
ε
ε  3 3
s
c
ε
ε  
Side ~100% 12.7% 7.2% 
Top ~100% -104,8% 13.6% 
Along fibre ~100% 995.3% 42.5% 
 
In Table 4-13, the calculated TC-matrices are given for different cross-ply laminates. 
The optical fibre is embedded in the middle of the composite laminate, in the 
direction of the surrounding reinforcing fibres. The thickness of the middle section 
varies from 1 to 4 layers on each side of the sensor. 
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Table 4-13: TC-matrices for a glass optical fibre sensor embedded in the middle of a 
cross-ply laminate [90X,0X]2s. 
[90,0]2s [902,02]2s 
1.000 0.000 0.000
0.812 7.431 1.048
0.780 1.115 7.311
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
1.000 0.000 0.000
0.818 7.631 1.206
0.809 1.221 7.592
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
[903,03]2s [904,04]2s 
1.000 0.000 0.000
0.817 7.657 1.235
0.816 1.239 7.652
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
1.000 0.000 0.000
0.818 7.672 1.248
0.818 1.248 7.671
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
 
Little variation in the values of the TC-matrix can be observed for the laminate 
consisting of two, three or four successive layers. Only one layer of prepreg 
significantly altered the TC-matrix. For this single layer lay-up, non-symmetric 
partial matrix (TCij with i, j = 2,3) is observed. In addition, TC31 is different from the 
value obtained for the other lay-ups. In Figure 4-57 and Figure 4-58, two cross-
sections (of a [904,04]2s and a [90,0]2s laminate) are depicted, showing the transverse 
strain components in the surrounding of the embedded fibre. The strain-field 
disturbance is again more pronounced for the thin laminate, which leads to a 
different TC-matrix for both lay-ups. 
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Detail
Optical fibre
[904, 04]2s laminate
ε22 strain disturbance
1.6 mm
04
904
04
904
Detail
Optical fibre
ε33 strain disturbance
1.6 mm
04
904
04
904
[904, 04]2s laminate
Figure 4-57: Transverse strain-field disturbance for a cross ply laminate with a [904,04]2s 
stacking sequence, when loaded on top. The optical fibre sensor is embedded in the 
middle of the laminate. 
 
e22 strain disturbance
[90,0]2s laminate
Optical fibre
0.4 mm04
904
04
904
Optical fibre
e33 strain disturbance
[90,0]2s laminate
0.4 mm
04
904
04
904
 
Figure 4-58: Transverse strain-field disturbance for a cross ply laminate with a [90,0]2s 
stacking sequence, when loaded on top. The optical fibre sensor is embedded in the 
middle of the laminate. 
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Position of the sensor in the composite laminate 
Since a certain embedding depth error can occur during the embedding and 
manufacturing process, it is interesting to evaluate its influence on the TC-matrix. 
When the sensor is located near to the surface of the laminate, or near a change of 
layer direction, the TC-matrix will change (Figure 4-59). In Table 4-14, the results 
are given for an optical fibre sensor which is embedded in a thick composite 
laminate [904,04]2s. In each configuration, the embedding depth of the sensor is 
changed (0.1 mm) corresponding to the thickness of one prepreg layer. 
 
[904,04]2s
Single‐axial strain sensor 
90
0
90
0 x
 
Figure 4-59: Schematic of an optical fibre sensor embedded out of the centre of a cross-
ply laminate ([904,04]2s) 
 
Table 4-14: TC-matrices for different positions of the sensor in a cross-ply laminate 
[904,04]2s 
x = 0 x = 0.1 
1.000 0.000 0.000
0.818 7.672 1.248
0.818 1.248 7.671
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
1.000 0.000 0.000
0.814 7.642 1.242
0.821 1.235 7.679
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
x = 0.2 x = 0.3 
1.000 0.000 0.000
0.814 7.635 1.235
0.819 1.232 7.661
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
1.000 0.000 0.000
0.808 7.543 1.186
0.812 1.187 7.574
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
 
The mutual influence of the opposite transverse strain components (TC23 and TC32) 
tends to decrease when approaching the 90 degree layers. In the last case, where 
only one 0 degree layer is left on top of the optical fibre, the diagonal elements are 
slightly decreased too. This effect is caused by the strain disturbance area which is 
touching the 90 degree layer (Figure 4-60). One can imagine that the impact on the 
TC-matrix will be large for thin laminates. 
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Optical fibre
ε22 strain disturbance
1 mm
04
908
[904, 04]2s laminate
04
ε33 strain disturbance1 mm
908 Optical fibre
[904, 04]2s laminate04
04
 
Figure 4-60: Transverse strain disturbance for a cross ply laminate with a [904,04]2s 
stacking sequence, when loaded on top. The optical fibre sensor is embedded 
asymmetrically in between 8 composite layers (1 above and 7 below) 
Sensor properties  
First, the size of the sensor is changed from an 80 µm fibre diameter to a 125 µm 
diameter. In Table 4-15, the calculated TC-matrices (for the two different fibre 
diameters and two laminate thicknesses) are summarized. 
 
Table 4-15: TC-matrices for optical fibre sensor with different diameters 
 = 80 µm  = 125 µm 
[0]24 [0]24 
1.000 0.000 0.000
0.823 7.708 1.248
0.814 1.265 7.665
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
1.000 0.000 0.000
0.824 7.695 1.233
0.811 1.264 7.652
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
[0]48 [0]48 
1.000 0.000 0.000
0.816 7.648 1.233
0.821 1.23 7.679
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
1.000 0.000 0.000
0.819 7.669 1.235
0.818 1.241 7.669
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
 
An increase of ~50% of the fibre diameter does not lead to significantly different 
TC-matrices. For a thick ([0]48) laminate and thinner ([0]24) laminate, the matrix 
remains almost unaltered. Based on previous observations, one can assume that the 
influence will be much larger for thin laminates with only 16 or less prepreg layers. 
 
Changing the sensor type from a uni-axial into a multi-axial optical fibre (bow-tie) 
sensor leads to the results summarized in Table 4-16. The same model was used for 
the laminate, though, the mesh of the optical fibre sensor was refined to 8700 linear 
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wedge elements of type C3D6. The wedge elements were needed to homogenously 
mesh the multi-axial optical fibre with embedded SAPs. 
The following observations can be made, when comparing the strain transfer matrix 
of an embedded uni-axial strain sensor and an embedded multi-axial strain sensor. 
The influence of the longitudinal strain component (TCij i = 1,2,3, j =3) remains 
almost unaltered for a different type of sensor. More strain transfer (TC33 becomes 
smaller, ~10%) could be noted for the out-of-plane transverse strain component, and 
less (TC22 becomes bigger, ~7%) for the in-plane transverse strain component. The 
mutual influence of the transverse strain components are smaller (4% up to 19%) for 
the multi-axial sensor. Only small changes could be observed in the TC-matrices of 
the embedded strain sensor, when changing the lay-up of the laminate. 
 
Table 4-16: TC-matrices for different types of optical fibre sensor 
Uni-axial strain sensor Multi-axial strain sensor  
[0]48 [0]48 
1.000 0.000 0.000
0.816 7.648 1.233
0.821 1.23 7.679
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
1.000 0.000 0.000
0.827 8.152 1.003
0.814 1.178 6.936
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
[902,02]2s [902,02]2s 
1.000 0.000 0.000
0.818 7.631 1.206
0.809 1.221 7.592
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
1.000 0.000 0.000
0.822 8.082 0.969
0.805 1.160 6.867
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
[904,04]2s [904,04]2s 
1.000 0.000 0.000
0.818 7.672 1.248
0.818 1.248 7.671
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
0.998 0.008 0.005
0.826 8.139 1.002
0.813 1.172 6.927
− −⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
 
Changing the orientation of the bow-tie optical fibre sensor leads to a change of the 
second and the third row of the TC-matrix. 
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Table 4-17: TC-matrices for a different orientation of a bow-tie optical fibre sensor 
  
[0]48 [0]48 
1.000 0.000 0.000
0.827 8.152 1.003
0.814 1.178 6.936
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
1.000 0.000 0.000
0.815 6.936 1.176
0.826 1.003 8.147
⎡ ⎤⎢ ⎥−⎢ ⎥⎢ ⎥−⎣ ⎦
 
4. 5. 2. d.  Experimental validation 
To validate the numerically determined TC-matrices, a testing procedure was 
developed to introduce a well-defined homogeneous strain field inside a host 
material. Several 1.54 mm thick carbon fibre reinforced epoxy laminates were 
produced with at the mid-thickness an embedded 80 µm uni-axial FBG 
(Figure 4-61). The coating of the optical fibre is stripped for a few centimetres at the 
location of the FBG. The FBG itself has a length of 8 mm. The test specimens 
(50 x 50 x 1.54 mm) have a balanced and symmetric lay-up ([902,02]2s) with in total 
16 layers. This cross-ply laminate provides a maximal in-plane stiffness (x- and 
y-direction) and the lowest out-of-plane stiffness (z-direction). Two metal blocks 
(20 x 40 x 20 mm) were attached to the surfaces, using a thin epoxy layer with a 
uniform thickness. In addition, a ball hinge is used on top of the metal blocks during 
testing, to ensure a uniform stress distribution on the surface of the sample 
(Figure 4-62). 
 
(a) 
1.54mm
FBG
50 mm
FBG x
z
y
x
50 m
m
(b) 
 Metal blocks Composite 
laminate Optical fibre  egress 
protected with kapton foi
Figure 4-61: (a) Schematic drawing of the composite laminate with optical fibre sensor 
in the centre. (b) Picture of a composite laminate with metal blocks glued to the surface 
for transverse testing. 
 
x
y
z
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Using the set-up shown in Figure 4-62, the samples were loaded in the z-direction 
up to a maximum pressure of 92 MPa. The simulated (FEM) transverse strain 
(through-the-thickness) was used as reference strain measurement. 
 
 
Figure 4-62: Picture of the test-set-up for transverse compression loading. 
 
In Figure 4-63, the wavelength shifts as function of the applied transverse stress are 
given. Both polarization modes show a linear shift with increasing pressure, with the 
highest shift for the slow axis. These shifts can be used to define the three principal 
strains of the laminate by using the following equation 
[ ]1c TC Kε λ−⎡ ⎤∆ = ⋅ ∆⎣ ⎦     4-15 
Substituting the proper TC- and K-matrix, Equation 4-15 becomes 
2,
1,
1,
1.000 0.000 0.000 1.250 0.000 0.000
0.818 7.631 1.206 2.392 4.727 2.123
0.809 1.221 7.592 2.392 2.123 4.727
xx B fast
yy B slow
zz B fast
ε λ
ε λ
ε λ
⎡ ⎤∆ ∆⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥∆ = − ⋅ − ∆⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥∆ − − ∆⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦
4-16 
1Bλ∆ are the wavelength shifts measured with the embedded optical fibre sensor. 
2,B fastλ∆  is calculated using the axial strain simulated by subjecting the top of the 
FE-model with a homogeneous pressure. 
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Figure 4-63: Wavelength shift measured during a transverse compression test on a small 
cross-ply laminate with an embedded single axial FBG. 
 
In Figure 4-64, the three principal measured strains (∆εxx, ∆εyy, ∆εzz) of the laminate 
are plotted against the reference strain (∆εzz_ref). A maximum compressive strain of 
approximately 1000 µε was measured in the z-direction which corresponds well with 
the reference through-the–thickness strain. Up to 500 µε (∆εzz), the measured value 
of the strain in the y-direction is very similar to the reference strain. At that point, 
the curve is not linear anymore and is bent away into a negative shift. This can be 
caused by damage initiation (e.g. optical fibre interface cracking) in the material or a 
non linear behaviour of the axial strain during the test caused, for example, by 
friction. 
Based on these results, one can state that a valid TC-matrix was obtained for a uni-
axial FBG using the procedure of the finite elements. In future work, an extra 
sample with an encapsulated FBG should give knowledge on the magnitude of the  
axial strain during such a compressive test. 
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Figure 4-64: The measured principal strain components (∆εxx, ∆εyy and ∆εzz) in the 
composite laminate as a function of the simulated (FEM) reference strain ∆εzz_ref 
4. 6.  RESOLVING POWER OF AN EMBEDDED MAXS-SENSOR 
The resolving power of an embedded sensor can be defined as the ability of this 
sensor to distinguish 3D-strain components of the material in which it is embedded. 
The resolution of a non-embedded MAxS-sensor has already been discussed in 
Chapter 3. The general equation used to calculate the strain field in the core of an 
optical fibre Bragg sensor is formulated as 
[ ] sKλ ε⎡ ⎤∆ = ∆⎣ ⎦      4-17 
in which K is the gauge factor matrix. As discussed in Chapter 3, the resolution of 
this sensor depends on the condition number of this K-matrix. The obtained results 
are repeated in Table 4-18. 
Table 4-18: Sensitivity analysis for the MAxS-sensor 
 
Condition number = ~10 
Error analysis Standard deviation 
 [µε] [µε] 
1'δε  ±6.9 ±4.3 
2'δε  ±6.9 ±4.3 
3'δε  ±0.9 ±0.9 
 
By substituting equation 4-11 in equation 4-15, the general equation, to calculate the 
strain field in the composite material knowing the wavelength shift of an FBG 
sensor, can be formulated: 
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[ ]1c TC Kε λ−⎡ ⎤∆ = ⋅ ∆⎣ ⎦     4-18 
In which K is the gauge factor matrix and TC-1 is the inverse of the transfer 
coefficient matrix. The same method as described in section 3.3.1.b, can be used to 
calculate the variance ( ( )cVar ε⎡ ⎤⎣ ⎦ ) and the standard deviation ( ( )cσ ε⎡ ⎤⎣ ⎦ ) of the 
calculated strain ( cε⎡ ⎤⎣ ⎦ ) if a certain variance exists on the wavelength shift 
( [ ]( )Var λ∆ ) 
( ) ( ) ( ) ( )( ) [ ]( )2 2 21 1 1,1 ,2 ,3( ) ( ) ( )ci i i iVar TC K TC K TC K Varε λ− − −= ⋅ + ⋅ + ⋅ ∆ 4-19 
Using the calculated (FEM) TC-matrix (section 4. 5. 2. c.  ) and the calibrated K-
matrix, one can determine the theoretical resolving power of the MAxS-sensor 
(Table 4-19). The resolving power of the sensor to measure transverse strain 
components, is worse than the theoretical resolution of the non-embedded sensor. 
The longitudinal strain resolving power stays the same, since the FBG in the 
capillary can be seen as a non-embedded sensor, as it is isolated from transverse 
stress. Dependent on the application, the resolving power of the transverse strain 
components can be considered satisfactory. In addition, in Chapter 5, it will be 
shown experimentally that more strain transfer can be expected than theoretically 
calculated. As such, a better resolving power of the MAxS-sensor can be assumed. 
In addition, by improving the resolution of the interrogator, the resolving power of 
the total strain field can become close to the strain requirements which were put 
forward in Chapter 1. 
 
Table 4-19: Resolving power of the MAxS-sensor 
 
Condition number = ~80
Error analysis Standard deviation
 [µε] [µε] 
yyδε  ±46.0 ±34.1 
zzδε  ±43.9 ±31.3 
xxδε  ±0.9 ±0.9 
4. 7.  CONCLUSIONS 
An embedded sensor is the best solution for determining the internal strain field of 
composite elements. Some general but essential issues should, however, be 
considered before embedding fibre optic sensors in a host material. 
 
• The embedding procedure should be optimized. The in- and egress points 
of the optical fibre should be as robust as possible. In this work, these 
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fragile points were protected with a Kapton layer or with Teflon tubing, 
which both work fine in lab environments. In industrial applications 
however, new solutions are required. When using a HiBi-fibre as a sensor, 
the orientation is very important and should be controlled. In this work, all 
sensors were placed by hand. For industrial applications, an automated 
procedure is desirable. 
• The coating and size of an embedded optical fibre have an impact on the 
distortion of the surrounding composite. This work compared three 
different types of fibre coating (acrylate, Ormocer®, and polyimide). 
Ormocer® and polyimide have superior interface properties compared to 
the acrylate coating. A naked fibre was also considered, since the sensor 
used in the following chapters is a stripped optical fibre. Acceptable 
interface properties were obtained for stripped fibres as well. Another point 
of attention concerning composite distortion, is the relative orientation of 
the sensor to the reinforcement fibres. When the sensor is embedded 
parallel to the reinforcement fibres, no visible distortion could be observed 
and even the strength properties remained unaltered. 
• The strain measured with an embedded sensor is not necessarily equal to 
the one present in the structure. A certain discrepancy will exist, depending 
on the material properties of the sensor and the host structure. In this 
chapter, we determined the specific strain transfer of an optical fibre 
embedded in a transversally loaded CFRP laminate by using FE-
simulations. Afterwards, this strain transfer was validated using a 
transverse load experiment. A good similarity between measured (FBG-
sensor) and calculated strain (FE-model) was observed. 
• The theoretical resolving power of the designed MAxS-sensor is worse 
than the theoretical resolution of the sensor determined in Chapter 3, 
especially in terms of the transverse strain components. Though, for several 
applications this should be sufficient. 
 
In the next chapter, the MAxS-sensors are embedded in several composite 
laminates, which were subjected to standardized experiments. The theoretically 
determined strain transfer coefficient matrix (TC) will be used to determine the 
principal strains in the composite laminate. It will be shown that the theoretical TC-
matrix is not sufficient to accurately determine all strain components. Therefore, an 
experimental approach of determining an optimized TC-matrix will be evaluated. 
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Chapter 5 : EXPERIMENTAL VALIDATION OF AN 
EMBEDDED MAXS-SENSOR 
 
In this chapter, the theoretically calculated relation between optical fibre strain and 
host material has been experimentally optimized. The feasibility of the MAxS-sensor 
is extensively evaluated in a test program (Figure 5-1). Extra attention was paid to 
measuring shear and temperatures as well. This chapter begins with an explanation 
of the manufacturing process of CFRP-samples, using the autoclave technique. 
 
 
Figure 5-1: Autoclave production facility, a transverse compression test, and an axial 
tensile test. 
 
5. 1.  CFRP LAMINATES 
5. 1. 1.  Global and local coordinate system of the CFRP-laminates 
Generally, two different orthogonal coordinate systems are used to define the strains 
inside composite laminates. Figure 5-2 shows the orthogonal coordinate system 
corresponding with an individual lamina. The 1-axis is aligned with the 
reinforcement fibres while the 2- and 3-axes are in the transverse directions (in-
plane and through-the-thickness respectively).  
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Figure 5-2: The local orthogonal coordinate system on lamina level 
 
Figure 5-3 shows the global orthogonal coordinate system of a laminate. The x-axis 
is aligned with the major direction (length) of the sample. The z-axis is the direction 
through-the-thickness of the sample and the y-axis is the remaining in-plane axis 
(width).  
 
Figure 5-3: The global orthogonal coordinate system on laminate level 
 
During the MASSFOS project [1], a lot of sensors have been embedded in CFRP 
samples and tested under controlled loading conditions (tensile testing, transverse 
compression testing, four point bending testing, shear tensile testing, and thermal 
load testing). In the following paragraphs, a selection of these tests is used to 
optimize the TC-matrix and prove the feasibility of the MAxS-sensor. The measured 
strain values will be compared with reference measurements like extensometer, 
displacement, load, or surface attached FBG together with finite element 
simulations. In this work, the following colour code is used for the graphical 
representation of strain; black for the x-axis, blue for the y-axis and red for the z-
axis. The reference strains will be depicted as dashed lines and the measured strains 
as full line with diamond, circle or square symbols for the x-, y- and z-axis 
respectively. 
5. 1. 2.  Manufacturing process 
As discussed before, carbon-epoxy prepreg (M55j/M18) was used as raw material 
for the manufacturing of the CFRP samples. M55j/M18 is a space qualified uni-
directional carbon fibre reinforced epoxy [2]. The reinforcing carbon fibres are 
“high modulus” fibres with a Young’s modulus of 540 GPa [3]. One layer of 
prepreg material will have a final layer thickness of 0.1 mm after curing. 
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To produce the lay-up of the laminates, the author used the following procedure, 
illustrated in Figure 5-4. (1) The prepreg material is wrapped on a roll 
(width = 300 mm, length = 75 m) covered with a protective film on each side. (2) 
Several layers (laminae) with the desired orientation are cut from the roll. (3) One of 
the protective films is removed and (4) a lamina is stacked in the right sequence. (5) 
The resulting laminate is pressed together using a roller pin. (6) Finally, the other 
protective film is removed and the process can be repeated until the complete 
laminate is produced. 
 
 
Figure 5-4: Prepreg lay-up procedure 
 
The laminate needs a strict curing cycle, that consists of a combination of 
temperature, pressure and vacuum. The temperature cycle drives the curing process 
and controls the autoclave pressure. In order to meet the requirements of the curing 
cycle, a special oven/pressure vessel is needed: the autoclave (Figure 5-5). 
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Figure 5-5: The autoclave of Ghent university, department of Materials Sciences and 
Engineering. 
 
To follow the curing cycle optimally, the uncured laminate is placed in a vacuum 
bag in between several layers of fabrics and films as shown in Figure 5-6. The 
lowermost tool serves as a heating device. On this, firstly, a release film is placed 
which prevents the prepreg laminate from sticking to the tool and which promotes, 
together with the peel ply, easy removal. The bleeder fabric on top of the peel ply is 
used to absorb excess resin from the curing laminate. The breather, which is in this 
case the same material of the bleeder, is needed to transport gasses, generated from 
the curing resin, out of the autoclave. Thermocouples are placed in the vicinity of 
the laminate to control the manufacturing process. 
Figure 5-7 illustrates the curing cycle used to produce the CFRP samples. The 
curing cycle starts by building up a vacuum pressure inside the vacuum bag, that 
covers the entire lay-up. This vacuum is needed for withdrawal of possible air 
bubbles included during the manual stacking of the lamina. Water from 
condensation reactions or volatile elements (such as solvents) can be absorbed too 
during fabrication or handling of the prepreg. When a constant vacuum pressure of 
-0.7 bar is reached, the temperature is raised up to 120°C at a rate of 3°C/min and 
subsequently kept constant for 20 min. During this so-called dwell step, the 
temperature is kept constant at the level of optimal epoxy viscosity [4], allowing the 
epoxy resin to flow and the layers to stick together. At the end of the dwell step, the 
autoclave pressure is raised to a level of 7 bar (consolidating pressure). At 7 bar, the 
temperature is raised to a maximum of 180°C and kept constant for 100 minutes. 
During this period, actual hardening of the laminate occurs; because of cross-
linking, the viscous resin is transformed into a thermal stable, stiff material. After 
this period, the autoclave cools down by turning of the heating, but keeps the 
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pressure to prevent deformation of the laminate due to thermal stresses, during 
cooling. When the temperature reaches 60°C, both vacuum and autoclave pressure 
are dropped to atmospheric pressure.  
The optimal form of the cure cycle was deduced from practical experience obtained 
during a master thesis at Ghent University [5]. 
 
 
Figure 5-6: Build-up in the autoclave for laminate production using prepreg lamina [5]. 
 
 
Figure 5-7: Curing cycle used to produce the M55j/M18 CFRP samples  
5. 1. 3.  Mechanical properties of the CFRP laminates 
The manufacturer did provide a datasheet for this material, containing most of the 
material properties. However, the actual lamina properties depend on the production 
method and have to be determined. Mechanical properties are determined using 
tensile experiments performed on standardized test samples [5]. 
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Three sets of samples with different dimensions and/or fibre directions were 
manufactured (Figure 5-8) and tested according to the D3039 ASTM standard [6]. 
The autoclave produced laminates were cut to a width of 2 cm, followed by glueing 
end tabs, needed to mount the test samples in the clamps of the tensile testing 
facility. The tabs have a specific shape: one end is milled to an angle of 12° in order 
to prevent stress concentrations by gradually introducing the stress from the end part 
to the samples. The test samples were instrumented with a strain gauge, mounted 
perpendicular to the loading direction to measure the contracting strain (Poisson’s 
effect). An extensometer recorded strain in the displacement direction (Figure 5-9). 
The extensometer is removed from the test sample at one third of the expected 
ultimate tensile strength, to prevent it from being damaged due to breaking of the 
sample. 
 
 
Figure 5-8: Dimensions of the test samples used to determine the mechanical properties 
of the M55j/M18 prepreg material according to ASTM standard D3039. 
 
Dimensions of the three sets of test samples are given in Table 5-1. 
 
Table 5-1: Dimensions of the 3 sets of test samples (in mm) 
 SET 1 SET 2 SET 3 
Lay-up [0]10 [0]16 [90]20 
# of samples 4 3 3 
A ~124 ~144 ~147 
B ~260 ~280 ~283 
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C 1.0 1.5 2.0
 
 
Figure 5-9: Sample mounted in the tensile testing facility 
 
Table 5-2 shows the test results for a fibre direction of 0 deg and 90 deg, and 
compares them to the values noted in the data sheet of the manufacturer [7], and to 
data obtained by Jose et al. [8]. 
Normally, sets 1 and 2 (Table 5-2) should result in similar material properties. 
However, there is a fairly big difference, which suggests that the composite plates 
had a different composure. In set 2, more extraction of resin was observed after 
curing, which resulted in a smaller ply thickness. In [9] is explained that, in the case 
of carbon-fibres, material properties are highly dependent on the fibre direction. 
Even the slightest deviation from the 0 deg direction, causes a significant change in 
material properties (a drop in the E11 and longitudinal strength values and a slight 
raise of the ν12 value). So we can conclude that the difference in resin content, 
together with a slight deviation of the reinforcing fibres from the 0 deg direction for 
set 2, cause the difference in material properties between set 1 and 2. For later use in 
finite element simulations, the author adopted the material properties noted in 
Table 5-3. These values approximate the results of sets 1 and 3. 
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Table 5-2: Summary of the values found for the elastic and strength properties of the 
M55j/M18 composite materials, compared with those of the manufacturer 
  [5] [7]  [8] 
  Set 1 Set 2 Set 3   
El
as
tic
 c
on
st
an
ts
 
Longitudinal modulus 
E11 [GPa] 
298.4 248.9  340.0 329.0 
Transverse modulus 
E22 [GPa] 
  6.3  6 
Poisson’s ratio  
ν12 [-] 
0.321 0.327   0.346 
Poisson’s ratio  
ν21 [-] 
  0,0017   
Poisson’s ratio  
ν23 [-] 
   0.38  
Shear modulus  
G12 [GPa] 
    4.4 
St
re
ng
th
 
pr
op
er
tie
s Longitudinal strength 
[MPa] 
2131 1648  2010 1327 
Transverse strength 
[MPa] 
  22 34 22 
 
Table 5-3: Elastic material properties for the M55J/M18 carbon/epoxy material 
E11 
[GPa] 
E22 = E33 
[GPa] 
G12=G13 
[GPa] 
G23 
[GPa] 
ν12=ν13 
[-] 
ν23= ν32 
[-] 
ν21= ν31 
[-] 
300.0 6.3 4.3 2.3 0.320 0.380 0.002 
5. 1. 4.  Inventory of all tested CFRP laminates with embedded 
MAxS-sensor  
A complete inventory of the tested samples and their dimensions is summarized in 
Table 5-4. In the second last column, the position of the sensor is indicated (between 
which two layers it has been embedded) . In most of the samples, the MAxS-sensor 
is positioned near the surface of the sample to achieve the highest bending response. 
In each sample the sensor is embedded parallel with the reinforcement fibres, to 
achieve the least composite distortion. Since the MAxS-sensor is almost 4cm in 
length (2 FBGS in series), it is impossible to embed it in the [90]n and [±45]n 
samples as a whole. Therefore, in these cases the sensor is split up in two separate 
fibres (FBGs) of which one is encapsulated in a capillary (Figure 5-39 and 
Figure 5-58). In the last column of the table, the orientation of the sensor’s slow axis 
with respect to the surface of the sample, is given. 
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Table 5-4: Complete inventory of the tested samples with embedded sensors. 
Lay-up Length 
 
Width 
 
Thickness 
 
Sensor’s 
position 
Sensor’s 
orientation 
 [mm] [mm] [mm] Layer (L)  
[0]16 250 15.0 1.83 L13 - L14 broken 
[0]16 250 15.0 1.83 L13 - L14 75 deg 
[0]16 250 28.4 1.62 L13 - L14 13 deg 
[0]16 250 30.0 1.60 L13 - L14 broken 
[0]48 250 32.5 5.70 L40 - L41 9 deg 
[0]48 250 32.0 5.90 L40 - L41 6 deg 
[90]24 175 40.0 2.30 L20 - L21 14 deg 
[90]24 175 40.0 2.30 L20 - L21 15 deg 
[902,02]6s 300 24.0 4.95 L3 - L4 0 deg 
[902,02]6s 300 25.0 5.05 L3 - L4 32 deg 
[902,02,902,0]s 250 25.0 1.34 L11 - L12 69 deg 
[904,04]3s 102 30.0 5.50 L24 - L25 45 deg 
[904,04]3s 102 29.1 5.00 L24 - L25 22 deg 
[02,902]6s 250 25.0 1.34 L8 – L9 66 deg 
[02,902]6s 250 25.0 1.34 L8 – L9 90 deg 
[+452,-452]2s 250 40.0 1.60 L11 - L12 57 deg 
[+452,-452]2s 250 40.0 1.60 L11 - L12 50 deg 
[+452,-452]6s 275 40.0 4.90 L3 - L4 48 deg 
[+452,-452]6s 275 40.0 5.00 L3 - L4 31 deg 
5. 2.  TEST METHODS 
The following five test methods were selected to induce different homogeneous 
strain fields in the CFRP-laminate. These methods were used to evaluate the strain 
response of the MAxS-sensor and eventually optimize the theoretically determined 
TC-matrix of Chapter 4. 
5. 2. 1.  Axial tensile experiment 
The axial tensile experiment is based on the ASTM D3039 standard [6]. This 
standard is normally used to determine tensile properties of a matrix reinforced with 
high modulus reinforcement fibres. For this test, a thin flat strip of material having a 
constant rectangular cross section, is mounted in the grips of a mechanical testing 
machine and monotonically loaded in tension. In order to be able to clamp the 
composite sample, aluminium tabs were glued at the ends of the sample 
(Figure 5-10). These tabs are gripped by mechanical clamps of a universal testing 
machine. In order to avoid breakage of the optical fibre at the egress points during 
clamping of the sample, some space (approx. 10mm) was left between the top of the 
aluminium tabs and the mechanical clamp. As such, the optical fibre could be bent 
out of the mechanical clamp. An electrical extensometer was mounted to serve as 
reference measurement of the applied axial strain. 
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Figure 5-10: Tensile test specimen mounted in a universal testing machine, and using an 
extensometer as reference measurement (left). An illustration of the dimensions of a test 
sample (right). 
5. 2. 2.  Transverse tension and compression experiment  
As shown in Section 5. 1. 3.  , carbon fibre reinforced epoxy features a high stiffness 
in the reinforcement direction and can consequently resist high loads in that 
direction. However, perpendicularly to the carbon fibres, the strength of the 
composite sample is determined by the lower strength properties of the epoxy 
matrix. Strain in a plane perpendicular to the carbon fibres can thus pose a threat to 
the structural integrity of the composite sample. For this reason, structural health 
monitoring in this type of structures necessitates a transversal strain measurement. 
Because the composite material is usually only a few millimeters thick, it is not 
straightforward to assess the strain in this direction. The MAxS-sensor possibly 
holds a promising solution for this application. Transverse tension and 
compression tests have been executed, to evaluate the transverse performance of 
the sensor. Three different set-ups were used to perform this type of tests.  
In a first set-up, metal T-joints are attached to the surfaces of the sample, applying 
epoxy glue (Figure 5-11). The T-joints are clamped in the testing machine and 
introduce compressive and tensile loading (and corresponding strains) in the 
samples. Load and displacement of the clamps were recorded. By comparing the 
response of the MAxS-sensor during a compression experiment, to the response 
during a tension experiment, a possible different response of the sensor to 
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compressive or tensile load can be evaluated. If no differences are observed, one can 
easily use the compression test to check the transverse resolving power of the 
MAxS-sensor. 
 
Metal T
Load
 
Figure 5-11: Test method for determining the transverse stress sensitivity of the MAxS-
sensor, using metal T-joints glued on top of the specimen. 
 
Due to different reasons, no strain values can be calculated using this set-up. One 
reason is the uncertain load transfer to the sample due to deformation of the metal T-
joints during the experiments (Figure 5-12). A second reason is the uncertain 
position of the sensor with regard to the T-joint.  
 
 
 
Load
 
Load
 
Figure 5-12: Deformation of the metal T-joint during the transverse compression 
experiment and during the transverse tension experiment. 
 
In the second set-up, a piece of rubber covering the zone of the MAxS sensor at one 
side of the composite laminate, was used to generate a homogeneous transverse 
compressive load (Figure 5-13). This method generates bad results (i.e. non-
linearity) at low transverse compressive loads. However, when pressing harder, the 
rubber flattens out and a uniform transverse load is transferred on the sample, 
generating a good (and linear) strain field measured by the MAxS sensor 
(Figure 5-13). In the discussion of the results, only that last linear part will be 
shown. 
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Figure 5-13: The compression test set-up using reinforced rubber 
To overcome the non-linearity introduced by the rubber, it was replaced by two 
metal blocks which were glued to the surfaces of the sample (Figure 5-14, left). For 
this type of set-up, the response of the sensor is clearly linear during the 
compressive experiment (Figure 5-14, right). 
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Figure 5-14: Compressive test set-up using polished metal blocks glued with a uniform 
epoxy layer to the specimen’s surfaces (left). The linear response of a sample with 
embedded MAxS-sensor under compressive load (right). 
5. 2. 3.  A four point bending experiment 
A bending test represents quite well the actual load on a structural component (e.g. 
loading of airplane wings). Therefore, a four point bending experiment was 
performed based on the ASTM standard D6272 [10]. This standard covers the 
determination of flexural properties of high-modulus composites. A coupon of 
rectangular cross section rests on two supports and the load is introduced at two 
points, each at an equal distance from the adjacent support point (Figure 5-15). The 
distance between the loading noses (the load span) is one half of the support span. In 
this test, a constant bending moment is created over the load span and thus a 
constant strain field over the length of the MAxS sensor is created. Using this set-up, 
the sensors can be loaded in compression as well as in tension. The applied load, the 
displacement of the support span and the wavelength shift of a surface mounted 
FBG (in between the loading noses), were taken as reference measurements. 
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Load span
Support span
CFRP-Sample
 
Figure 5-15: Set-up used to perform a four point bending test. 
 
Note that there is a disadvantage in using a fixed test rig instead of a rig connected 
with the load cell through a hinge-joint. In the fixed rig set-up (like the one used in 
this dissertation), the lower rig is able to move up and down while the upper rig is 
fixed to the load cell. The fixed rig cannot overcome alignment errors of both rigs 
and/or surface roughness of the specimen (Figure 5-16). Therefore, at the beginning 
of the bending experiment, the specimen is loaded in three point bending instead of 
four point bending. Thus at the start of the experiment, only the support span and 
one roll of the load span will be touching the sample. 
 
Load span
Support span
CFRP-Sample
Clearance
 
Figure 5-16: Schematic drawing of the problem at the start of a four point bending 
experiment when using a fixed test rig. Only one roll of the load span is touching the 
CFRP sample. The sample is thus loaded in three point bending. 
5. 2. 4.  In-plane shear tensile experiment 
In-plane shear tensile experiments are based on the ASTM standard D3518 [11]. 
The shear response of a composite specimen is determined by performing a tensile 
test on a ±45° laminate [11] (Figure 5-17). Besides the response of the sensor, load 
and displacement were captured together with a surface mounted FBG at the centre 
of the sample and an electrical extensometer mounted at the same position as the 
reference FBG. 
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Figure 5-17: Shear tensile experiment set-up (left). Orientation of the reinforcement 
fibres with respect to the loading direction (right). 
5. 2. 5.  Thermal cycle experiment 
Finally, preliminary thermal cycle experiments have been performed 
(Figure 5-18). The (cured) samples were put inside an autoclave and the temperature 
was set to 120°C. The Bragg wavelengths of the MAxS-sensor were monitored 
during heating and cooling of the samples. An unforced cooling cycle creates a slow 
and homogeneous temperature drop in the oven and sample. A thermocouple was 
put on top of the composite sample to measure the temperature inside the autoclave. 
 
OVEN
Test sample
0 – 180°C 
 
Figure 5-18: The test sample is put in an oven (autoclave) to perform a thermal cycle 
5. 2. 6.  Optical read-out set-up 
In all types of experiments, the repetition rate of the FBG measurements was much 
higher than the time scale of the loading. As a result, all measurements are 
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considered to be static. A general overview of the Bragg peak wavelength recording 
set-up is schematically shown in Figure 5-19. 
 
 
ASE
FBG 
interrogator
Circulator
CFRP sample
Tensile
Bending
Transversal pressure
Temperature
Pc
 
Figure 5-19: Set-up for the optical read-out during static tests 
 
A broadband amplified spontaneous emission (ASE) light source couples light into 
the optical fibre. The light is backreflected on the Bragg grating and directed via a 
circulator to an FBG interrogator (FBG-scan commercialised by FOS&S [12]) with 
a resolution of 1 pm and a frequency of 1 Hz. As the frequency is low, the static 
testing should be performed at very low loading speed. 
5. 3.  STRAIN CALCULATION PROCEDURE 
During the experiments, controlled loading of the sample causes a certain 
homogeneous strain field in the sample. The core of the optical fibre sensor that is 
embedded in the structure, will sense a somewhat different strain field. The relation 
between the strain field at the core of the MAxS-sensor and that of the sample, is 
determined by the strain transfer matrix. In its turn, straining the core of the optical 
fibre causes a wavelength shift. The relation between strains and wavelength shifts 
is defined by the K-matrix, which is closely related to the strain-optic effect 
discussed in section 2. 2. 1.. Figure 5-20 shows the different calculation steps 
needed to determine the strain field in the sample, starting from the wavelength 
response of the MAxS-sensor. In the following paragraphs, these steps are further 
elaborated. A transverse compressive load is taken as example. 
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Figure 5-20: Monitoring schedule using a MAxS-sensor to determine the strain field of a 
CFRP-sample subjected to a homogeneous load. 
5. 3. 1.  Recording the response of the MAxS-sensor 
In Figure 5-21, the response of a MAxS-sensor embedded in a laminate with a 
unidirectional lay-up ([0°]48) is depicted. A high Bragg peak separation can be 
observed for FBG1 while very small wavelength shifts and no Bragg peak 
separation can be observed for the encapsulated FBG. 
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Figure 5-21: The MAxS-sensor’s response under transverse compression. 
5. 3. 2.  Determination of the strain field at the fibre core 
Using the K-matrix, which form depends on the sensor configuration (Chapter 3) 
and which content is dependent on the strain-optic coefficients (Chapter 2), one can 
calculate the strain field present at the core of the optical fibre sensor. This by using 
the following set of equations: 
11' 1,1'
1
22' 1,2 '
33' 2,2'
B
B
B
K
ε λ
ε λ
ε λ
−
⎡ ⎤∆ ∆⎡ ⎤ ⎢ ⎥⎢ ⎥∆ = ∆⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥∆ ∆⎣ ⎦ ⎣ ⎦
     5-1 
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In which the K-matrix is defined as 
2 2 2
11 12 12
1,1' 2 2 2
1,2 ' 12 11 12
2 22,2 '
12 11 12
1
2 2 20 0
0 0 1
2 2 2
0 0
0 0 (1 ) ( )
2 2
eff eff eff
B
eff eff eff
B
B
eff eff
n n n
p p p
n n n
K p p p
n n
p p p
λ
λ
λ
υ
⎡ ⎤− − −⎢ ⎥⎢ ⎥⎡ ⎤ ⎢ ⎥⎢ ⎥= − − −⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦ ⎢ ⎥− + +⎢ ⎥⎢ ⎥⎣ ⎦
5-2 
Substituting the strain-optic coefficients found in section 2. 4. 1 ( 11 0.111p =  and 
12 0.247p = ) and using  1,1' 1539.219B nmλ = , 1,2 ' 1538.729B nmλ =  and 
2,2 ' 1553.462B nmλ =  the K-matrix becomes. 
183.167 407.893 1131.324
407.763 183.109 1130.966
0 0 1242.770
K nm
− −⎡ ⎤⎢ ⎥= − −⎢ ⎥⎢ ⎥⎣ ⎦
  5-3 
Figure 5-22 represents the calculated strains at the core of the embedded MAxS-
sensor during the transverse compression test by substituting Equation 5-3 into 
Equation 5-1 and using the wavelength shifts shown in Figure 5-21. 
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Figure 5-22: The measured strain in the core of the embedded MAxS-sensor during a  
transverse compressive test 
5. 3. 3.  Determination of the strain field in the composite structure 
Using the transfer matrix, which is dependent on the mechanical properties of the 
sensor and the host material (Section 4. 5. 2), one can calculate the strain field 
present in the host material. The following set of equations applies: 
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11 12 13 3'
21 22 23 1'
31 32 33 2'
xx
yy
zz
TC TC TC
TC TC TC
TC TC TC
ε ε
ε ε
ε ε
∆ ∆⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥∆ = ∆⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥∆ ∆⎣ ⎦ ⎣ ⎦ ⎣ ⎦
    5-4 
Substituting the theoretically determined TC-coefficients for a bow-tie fibre sensor 
embedded in a [0]48-laminate (Section 4. 5. 2. c.) into Equation 5-4: 
3'
1'
2'
1.000 0.000 0.000
0.827 8.152 1.003
0.814 1.178 6.936
xx
yy
zz
ε ε
ε ε
ε ε
∆ ∆⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥∆ = − ∆⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥∆ − ∆⎣ ⎦ ⎣ ⎦ ⎣ ⎦
   5-5 
The calculated composite strains are presented in Figure 5-23. Based on a 
comparison with reference strains (determined by FE-simulations), one can conclude 
that the calculated strains are overestimated. For a small part, this could be caused 
by a difference in actual mechanical properties and the values used in the FE-model. 
It is believed that the main cause is an underestimation of the strain that is 
transferred from the host material to the core of the optical fibre. Therefore, in the 
next paragraph, several experimental results will be used, to optimize the TC-matrix. 
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Figure 5-23: The calculated and reference strains inside the host material during a 
transverse compression test. 
5. 4.  OPTIMIZATION OF THE STRAIN TRANSFER COEFFICIENTS 
MATRIX 
The TC-matrix consists of 9 independent components (Equation 5-4), which can be 
determined by loading a sample according to three independent loading conditions 
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(see Section 4.5.2. b.). For each loading condition the following set of 3 equations 
can be developed. 
11 12 13 3'
21 22 23 1'
31 32 33 2 '
xx
yy
zz
TC TC TC
TC TC TC
TC TC TC
ε ε
ε ε
ε ε
∆ ∆⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥∆ = ∆⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥∆ ∆⎣ ⎦ ⎣ ⎦ ⎣ ⎦
   5-6 
Combining all equations, the TC-matrix should equal 
1
11 12 13 _1 _ 2 _ 3 33'_1 33'_ 2 33'_ 3
21 22 23 _1 _ 2 _ 3 11'_1 11'_ 2 11'_ 3
31 32 33 _1 _ 2 _ 3 22 '_1 22 '_ 2 22 '_ 3
xx xx xx
yy yy yy
zz zz zz
TC TC TC
TC TC TC
TC TC TC
ε ε ε ε ε ε
ε ε ε ε ε ε
ε ε ε ε ε ε
−⎡ ⎤ ⎡ ⎤∆ ∆ ∆ ∆ ∆ ∆⎡ ⎤ ⎢ ⎥ ⎢ ⎥⎢ ⎥ = ∆ ∆ ∆ ∆ ∆ ∆⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ∆ ∆ ∆ ∆ ∆ ∆⎣ ⎦ ⎣ ⎦ ⎣ ⎦
5-7 
In which the extra index 1,2,3 is used to group the strain components by their 
independent loading condition. For each loading condition, 3 equations can be 
defined which determine the percentage of strain that is transferred at the core of the 
fibre: 
33'_ 3' _
11'_ 1' _
22'_ 2' _
%
%
%
i i xx i
i i yy i
i i zz i
x
x
x
ε ε
ε ε
ε ε
∆ = ∆
∆ = ∆
∆ = ∆
 5-8 
i = 1, 2, 3 represent the type of loading (compression on top, tension on the side or 
longitudinal tension of the composite sample). By substituting the 9 equations of 
Equation 5-8 into Equation 5-7, the TC-matrix can be determined. 
The optimization procedure will be executed for two composite laminates with 
different lay-ups: a unidirectional laminate [0]n or [90]n, and a cross-ply laminate 
[0x,90x]ns. But first, the sensor’s response to compressive and tensile loads is 
investigated. 
5. 4. 1.  Transverse tension vs. transverse compression 
An ideal sensor should show the same absolute response when the structure is 
loaded in tension or in compression. When this is the case, a general definition of 
the optimized TC-matrix can be given. 
The wavelength shifts of the embedded sensor are compared for a sample which is 
loaded in transverse tension and in transverse compression. In both experiments, the 
absolute values of the imposed strain components are equal. 
_ _
_ _
_ _
( 0) ( 0)
( 0) ( 0)
( 0) ( 0)
xx tension xx compression
yy tension yy compression
zz tension zz compression
ε ε
ε ε
ε ε
∆ > = ∆ <
∆ < = ∆ >
∆ < = ∆ >
   5-9 
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The results for a sample with a lay-up of [0°]48 subjected to tensile and compressive 
loading are visualized in Figure 5-24. 
 
 
Figure 5-24: Data of a transverse tension experiment (II) and a transverse compression 
experiment (IV) for a sample with a lay-up of [0°]48. 
 
A positive wavelength shift can be noticed for the compression experiment and a 
negative wavelength shift for the transverse tension experiment. The results of the 
compressive experiment are presented in the fourth quadrant of Figure 5-24, the 
results of the tension experiment are presented in the second quadrant. The slope of 
the wavelength shifts of both polarization modes (fast, slow) versus the load is 
identical in both experiments.  
In Figure 5-25, similar results can be found for a sample with a lay-up of [04,90°4]3s. 
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Figure 5-25: Data of a transverse tension experiment (II) and a transverse compression 
experiment (IV) for a sample with a lay-up of [0°4,90°4]3s. 
 
5. 4. 2.  TC-matrix optimization procedure 
In the following paragraphs, the optimization procedure will be discussed 
thoroughly for unidirectional and cross-ply laminates. 
In Section 4. 5. 2. c. it was theoretically proven that only small differences exist in 
the TC-matrix for a [0]16, a [0]24, and a [0]48 lay-up. Therefore, no distinction was 
made for the optimization of the transfer coefficient matrix of a bow-tie optical fibre 
sensor embedded in a uni-directional laminate. The slow axis (1’-axis) was chosen 
parallel to the surface of the laminate. This is different for the cross-ply laminates, 
where the orientation of the fibre’s fast axis (2’-axis) was chosen parallel with the 
surface of the laminate (transverse in-plane direction) (Figure 5-26). For the cross-
ply laminates, it should be noted that only a few samples had a (reasonably) good 
fibre orientation. This limits the accuracy of the optimization procedure, but it has 
been evaluated to demonstrate the differences to a uni-directional laminate. 
It is obvious that the measurement errors will drop significantly when only one lay-
up (lay-up of the structure which should be monitored) is considered during the 
optimization process. 
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[0x,90x]n1’
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Figure 5-26: The desired orientation of the embedded bow-tie optical fibre embedded in 
a uni-directional laminate (left) and a cross-ply laminate. 
5. 4. 2. a.  Transversally applied load – out-of-plane 
In the first experiment, the load is put on top of the surface of the specimens, to 
create a transversally applied load. The fibre is embedded parallel to the 
reinforcement fibres, in the x-direction (Figure 5-27). 
 
 
Figure 5-27: The test set-up used to transversally apply load on top of the test specimen 
(out-of-plane). 
Unidirectional laminates 
In Figure 5-28, the results of the transverse compression test on a [0]48-specimen are 
depicted. The strain field at the core of the optical fibre and the strain components in 
the composite laminate are plotted against the applied compressive load. The 
increment of the measured strain components can be compared to the increment of 
the simulated strains as function of the applied compressive stress. The resulting 
ratios ( (MAxS) (Laminate)
ε ε∆ ∆ ) are given in Table 5-5. It should be mentioned that 
during this test, the longitudinal strain component is low and does not even exceed 
1 µε, which is smaller than the theoretical longitudinal strain sensitivity of the 
MAxS-sensor. Due to these small strains, the ratio of the longitudinal sensor and 
laminate strains could not be obtained but was considered 100%, as was observed in 
the finite element simulation executed during the parametric study in 
Section 4. 5. 2. c. Only small differences were observed for the ratios of both [0]48-
samples. 
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Figure 5-28: Transverse sensor and composite strain increments for a [0]48-laminate 
during a compression test. 
 
The same experiment was repeated for a thin sample [016]. The resulting ratios are 
also given in Table 5-5. More strain is transferred onto the first thin sample as 
compared to the thick samples. Less strain transfer is observed for the second thin 
sample. Here it should be mentioned that the orientation of the sample is unknown 
due to breakage of the sample during testing. Therefore, these results will not be 
considered in determining the mean in Table 5-5. 
 
Table 5-5: Comparison of the strain field at the core of the optical fibre and the strain 
field of a [0]48 and a [0]16-laminate (in%) 
 [0]48 [0]16
 S 1 S 2 S 1 S 2 MEAN 
33' ( )
( .)yy
MAxS
Lam
ε
ε
∆
∆  100 100 100 (100) 100 
11' ( )
( .)xx
MAxS
Lam
ε
ε
∆
∆  22 24 27 (25) 24.5 
22 ' ( )
( .)zz
MAxS
Lam
ε
ε
∆
∆  23 25 27 (19) 25 
The same comparison can be made for a sample with a [90]24-lay-up. The results are 
depicted separately since the longitudinal strain component (x-axis of the laminate) 
here, is the in-plane transverse strain component (1’-axis of the optical fibre). 
However, similar results as for the [0]n samples should be observed. The results in 
Table 5-6 show slightly smaller ratios than for the [0]n-samples. This is attributed to 
a worse orientation of the sensor (Table 5-4). 
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Table 5-6: Comparison of the strain field at the core of the optical fibre and the strain 
field of a [90]24-laminate (in%) 
 [90]24 
 Sample 1 Sample 2 MEAN 
33' ( )
( .)yy
MAxS
Lam
ε
ε
∆
∆  100 100 100 
11' ( )
( .)xx
MAxS
Lam
ε
ε
∆
∆  19 19 19 
22 ' ( )
( .)zz
MAxS
Lam
ε
ε
∆
∆  22 19 20.5 
Cross-ply laminates 
The same procedure as above can be used to determine the ratios of the strain field 
at the core of the optical fibre and the strain field in a cross-ply laminate (in this case 
a [02,902]2s laminate). In Figure 5-29, the resulting strains are plotted against the 
applied compressive load. The resulting ratios are given in Table 5-7. 
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Figure 5-29: Results of the compression tests for the samples [02,902]2s. 
 
The strain along the 1’-direction of the optical fibre is 15% of the strain in the 
through-the-thickness direction (z-axis) of the laminate. This ratio is driven by the 
difference in stiffness of both materials (70 GPa for the optical fibre and only 
6.3 GPa in the 2’-direction of a prepreg layer). The strain along the 2’ direction is 
only a fraction of the strain along the 1’ direction and is near to the resolution of the 
MAxS-sensor (the leaps in the strain curve). It is also opposite to the strain along the 
in-plane transverse direction of the laminate (y-direction). This phenomenon was 
also observed during the finite element simulations of a cross-ply laminate loaded in 
compression (parametric study of Section 4. 5. 2. c). 
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Table 5-7: Comparison of the strain field at the core of the optical fibre and the strain 
field of a [902,02]ns-laminate (in%) 
 [902,02]ns 
 Sample 1 Sample 3 
33' ( )
( .)xx
MAxS
Lam
ε
ε
∆
∆  - 100 
11' ( )
( .)zz
MAxS
Lam
ε
ε
∆
∆  - 15 
22 ' ( )
( .)yy
MAxS
Lam
ε
ε
∆
∆  - -150 
 
5. 4. 2. b.  Transversally applied load – in-plane 
In a second test, the load direction is chosen perpendicular to the embedding 
direction of the fibre (Figure 5-30). The fibre is thus transversally loaded in the 
plane of the laminate (y-direction) by applying a standard tensile test. 
 
 
Figure 5-30: The test set-up used to transversally apply load to a MAxS-sensor and in 
the plane of the test specimen. 
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Uni-directional laminates 
For the uni-directional laminates, this can only be achieved by testing a 
[90]n-sample. Figure 5-31 shows the results of the tensile test. The strain field at the 
core of the optical fibre and the strain components in the composite laminate are 
plotted against the applied tensile load. Again, the increment of the measured strain 
components can be compared to the increment of the simulated strains as function of 
the applied tensile stress. The resulting ratios are given in Table 5-8. Only small 
differences can be observed between both samples. 
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Figure 5-31: Results of the tensile tests for the samples [0]24.  
 
Table 5-8: Comparison of the strain field at the core of the optical fibre and the strain 
field of a [90]24-laminate (in%) 
 
 [90]24 
 S 1 S 2 MEAN
33' ( )
( .)xx
MAxS
Lam
ε
ε
∆
∆  100 100 100 
11' ( )
( .)zz
MAxS
Lam
ε
ε
∆
∆  19 18 18.5 
22 ' ( )
( .)yy
MAxS
Lam
ε
ε
∆
∆  14 15 14.5 
Cross-ply laminates 
For the cross-ply laminates, in-plane transverse loading is achieved by embedding 
the optical fibre sensor in a 90 deg ply and thus perpendicular to the load direction. 
The cross-ply is changed into a [02,902]ns laminate with, at the centre, an embedded 
sensor. Figure 5-32 shows the results of the tensile test. The strain field at the core of 
the optical fibre and the strain components in the composite laminate are plotted 
against the applied tensile load. The resulting ratios are given in Table 5-9. 
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Figure 5-32: Results of the tensile tests for the [02,902]2s specimen  
 
Table 5-9: Comparison of the strain field at the core of the optical fibre and the strain 
field of a [02,902]ns-laminate (in%) 
 [02,902]ns 
 S 1 S 3 
33' ( )
( .)xx
MAxS
Lam
ε
ε
∆
∆  - 100 
11' ( )
( .)zz
MAxS
Lam
ε
ε
∆
∆  - 11 
22 ' ( )
( .)yy
MAxS
Lam
ε
ε
∆
∆  - 8 
5. 4. 2. c.  Longitudinal load – in-plane 
In the third test, the load direction is chosen parallel to the embedding direction of 
the fibre. The fibre sensor is thus longitudinally loaded in the plane of the laminate. 
This can be achieved by applying a standard tensile test. 
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Figure 5-33: The test set-up used to longitudinally apply load along the x-direction of the 
test specimen (in-plane). 
 
The strain field at the core of the optical fibre and the strain components in the 
composite laminate are plotted against the applied load. Once more, the increment of 
the measured strain components can be compared to the increment of the simulated 
strains as function of the applied load. Figure 5-34 shows the results of the tensile 
test for a [0]n-specimen. The resulting ratios for all [0]n-specimens are given in 
Table 5-10. Only small differences can be observed for the different samples. 
 
St
ra
in
 [-
]
0 50 100
1.5− 10 4−×
1− 10 4−×
5− 10 5−×
2'-axis
zz-axis
Tensile stress [MPa]
St
ra
in
 [-
]
0 50 100
1.5− 10 4−×
1− 10 4−×
5− 10 5−×
1'-axis
yy-axis
Tensile stress [MPa]
Figure 5-34: Results of the tensile tests for the samples [0]16.  
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Table 5-10: Comparison of the strain field at the core of the optical fibre and the strain 
field of a [0]48 and a [0]16-laminate (ratios in%) 
 [0]48 [0]16 S4A2  
 S 1 S 2 S 1 S 2 S 3 MEAN
33' ( )
( .)xx
MAxS
Lam
ε
ε
∆
∆  100 - 100 - 100 100 
11' ( )
( .)yy
MAxS
Lam
ε
ε
∆
∆  44 - 55 - 50 49.7 
22 ' ( )
( .)zz
MAxS
Lam
ε
ε
∆
∆  63 - 65 - 63 63.7 
Cross-ply laminates 
Figure 5-35 shows the results of the tensile test for a [902,02]2s-specimen. The 
resulting ratios of all specimens are given in Table 5-11. In the case of cross-ply 
laminates, no direct relation can be observed between the strain in the laminate and 
the strain at the optical fibre core. Strain in the direction of the sensor only gives rise 
to a small in-plane transverse strain of the laminate, since the stiffness of the optical 
fibre is much higher than the transverse stiffness of the prepreg layer. Therefore, the 
transfer ratio 22' ( )
( .)yy
MAxS
Lam
ε
ε
∆
∆  becomes very high, around 1000%. The non-linearity of 
the results for the strain along the 2’-axis becomes invisible when divided by one 
thousand, and matches the reference strain. For the 11' ( )
( .)zz
MAxS
Lam
ε
ε
∆
∆  ratio big variation 
is observed, which is due to the different sensor orientation in both specimens. Since 
the transfer of the transverse components are substantially different and therefore not 
in the same order of magnitude (~1000% vs. ~25%), the orientation of the optical 
fibre will be a sensitive parameter. 
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Figure 5-35: Results of the tensile tests for the samples S5A2 [902,02]2s. 
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Table 5-11: Comparison of the strain field at the core of the optical fibre and the strain 
field of a [902,02]2s (in%), 
 S 1 S 2 MEAN
33' ( )
( .)xx
MAxS
Lam
ε
ε
∆
∆ 100 100- 100 
11' ( )
( .)zz
MAxS
Lam
ε
ε
∆
∆ 900 950 925 
22 ' ( )
( .)yy
MAxS
Lam
ε
ε
∆
∆ 15 35 25 
5. 4. 2. d.  Optimized TC-matrix 
Uni-directional laminates 
The optimized TC-matrix can be calculated out of the above defined ratios for the 
three independent loading conditions of the uni-directional laminates,. 
33'
11'
22'
1 0 0
1.25 7.97 1.42
0.34 0.65 3.77
xx
yy
zz
ε ε
ε ε
ε ε
∆ ∆⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥∆ = ∆⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥∆ − ∆⎣ ⎦ ⎣ ⎦ ⎣ ⎦
   5-10 
The main difference compared to the theoretically determined TC-matrix, is the 
higher strain transfer (~1.8 times higher) for the strain component in the through-
the-thickness direction of the laminate. The matrix is not symmetric and the effect of 
one transverse strain component on the other transverse component is opposite in 
sign. 
Cross-ply laminates 
The same procedure is applied with the results of the cross-ply laminates, to 
calculate the optimized TC-matrix. 
33'
22'
11'
1 0 0
1.09 10.35 2.00
0.11 1.05 6.86
xx
yy
zz
ε ε
ε ε
ε ε
∆ ∆⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥∆ = − ∆⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥∆ − − ∆⎣ ⎦ ⎣ ⎦ ⎣ ⎦
   5-11 
The main difference compared to the theoretically determined TC-matrix is the high 
value of TC22 which is almost 30% higher. This high value points to a very low 
strain transfer in the in-plane transverse direction of the laminate. Coefficient TC23 is 
doubled, which translates itself to a high influence of the opposite transverse strain 
component. The axial strain influence (TC31) on the out-of-plane transverse strain 
component is very small. It should be noted that the optimization procedure to find 
the TC-matrix for a cross-ply laminate has been done on a small amount of 
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specimens. In the previous paragraphs, it was proven that the fibre orientation 
matters a lot; small differences already lead to high variations of the strain ratio. 
5. 4. 2. e.  Validation of the TC-matrix 
In this paragraph, a few examples are given in which the optimized TC-matrix is 
used to relate the strain field at the optical fibre core to the one of the composite 
laminate. In the graphs, measured strains (MAxS-sensor) and reference strains 
(extensometer, FE-simulations) are compared. 
Uni-directional laminates 
The first sample has a uni-directional lay-up of [0]48 in between the 40th and 41st 
layer (Figure 5-36). The sample was subjected to a transverse compression test and a 
tension experiment with the load parallel to the x-axis (respectively in Figure 5-37 
and Figure 5-38). 
 
 
Figure 5-36: Uni-directional CFRP-specimen [0]48 with a MAxS-sensor embedded in 
between the 40th and 41st CFRP-prepreg layer. 
 
Figure 5-37 shows the transverse strain components measured by the MAxS-sensor 
(full line with symbol) and compares them with the reference strains (dashed lines) 
calculated using a FE-simulation. Up to 500µε, both transverse strain components 
follow their proper reference strain component. At that point a kink can be noticed 
for both strain components. The resolving power of the sensor can be observed as 
the small leaps between the data points in the slopes; for the in-plane transverse 
strain (y-axis) this is maximally ~70 µε, and for the out-of-plane transverse strain (z-
axis) this is maximally ~15µε. 
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Figure 5-37: Strain measured with the MAxS-sensor embedded in a uni-directional [0]48 
CFRP-specimen during a transverse compression test 
 
Afterwards, the sample was loaded in a tension experiment. Figure 5-38 shows the 
strain components measured by the MAxS-sensor (full line with symbol) and 
compares them with the reference strains (dashed lines) measured with an 
extensometer (x-axis) and calculated using the Poisson’s coefficient of the laminate 
(y-axis and z-axis). The applied strain is lower than for the compression experiment, 
because for this experiment the stiffness in the load direction is ~50 times higher. A 
kink can clearly be observed for the measured axial strain component; it is also 
present in the graphs of the measured transverse strain components. In general, the 
slope of the measured strains are conform to the slope of the reference strains. 
Again the resolving power of the sensor can be observed as the leaps between the 
data points in the slopes; for both transverse strain components this is maximally 
~25 µε. 
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Figure 5-38: Strain measured with the MAxS-sensor embedded in a uni-directional [0]48 
CFRP specimen during a tension test 
 
The second sample has a [90]24 lay-up with a MAxS-sensor embedded in between 
the 20th and 21st layer (Figure 5-39). Like the [0]n sample, this sample was also 
subjected to a transverse compression test and a tension experiment with the load 
parallel to the x-axis. For both experiments, very small strains were measured in the 
direction of the reinforcement fibres (y-axis) and are therefore not included in the 
graphs. Since the sensor is embedded parallel with the reinforcement fibres and thus 
perpendicular to the x-axis (Figure 5-39), the strain according to the x-axis is 
considered as a transverse strain component to the MAxS-sensor. 
 
 
Figure 5-39: Uni-directional CFRP-specimen [90]24 with a MAxS-sensor embedded in 
between the 20th and 21st layers. 
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First, the [90]24 sample is loaded in compression. Figure 5-40 shows the transverse 
strain components measured by the MAxS-sensor (full line with symbol) and 
compares them with the reference strains (dashed lines) calculated using an FE-
simulation. Both curves are quite linear. The slope of the measured (MAxS-sensor) 
strain component along the x-axis (black circle) is quite similar to that of the 
reference strain. However, the measured strain component along the z-axis is an 
underestimation of the reference strain calculated by FE-simulations. Once more, the 
resolving power of the sensor can be observed as the small leaps between the data 
points in the slopes; for the in-plane transverse strain (x-axis) this is maximally ~70 
µε, and for the out-of-plane transverse strain this is maximally ~50 µε. 
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Figure 5-40: Strain measured with the MAxS-sensor embedded in a uni-directional 
[90]24 CFRP specimen during a compression test. 
 
Afterwards, the [90]24-sample was loaded in a tension experiment. Figure 5-41 
shows the transverse strain components measured by the MAxS-sensor (full line 
with symbol) and compares them with the reference strains (dashed lines) measured 
with an extensometer (x-axis) and calculated using the Poisson’s coefficient of the 
laminate (z-axis). At the start, the measured in-plane transverse strain component 
measured by the MAxS-sensor is quite similar to the reference strain measured by 
the extensometer. Towards the end of the test, though, more differences can be 
noticed. From the start till the end, the out-of-plane transverse strain component 
matches well with the reference strain which is calculated by multiplying the 
Poisson’s coefficient with the data of the extensometer. 
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The resolving power of the sensor for the in-plane transverse strain component is 
maximally ~80 µε and for the out-of-plane transverse strain component this is 
maximally ~50 µε. 
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Figure 5-41: Strain measured with the MAxS-sensor embedded in a uni-directional 
[90]24 CFRP specimen during a tension test 
Cross-ply laminates 
The first cross-ply sample has a lay-up of [02,902]2s; the MAxS-sensor has been 
embedded in between the 8th and 9th layer (Figure 5-36). Since the FBG in the 
capillary only measures axial strain, it was replaced by a uni-axial draw tower 
grating (DTG). The sample was loaded in a tension experiment parallel with the x-
axis and a transverse compression test (respectively in Figure 5-44 and Figure 5-43). 
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Figure 5-42: Cross-ply CFRP specimen [02,902]2s with a MAxS-sensor embedded in 
between the 8th and 9th layers. 
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Figure 5-43: Strain measured with the MAxS-sensor embedded in a [02,902]2s CFRP 
specimen during a compression test. 
 
In Figure 5-43, the measured transverse strain components (MAxS-sensor, full line 
with symbol) are depicted and compared to the reference strains (dashed lines) for 
the transverse compression test. Both measured components show equal increments 
with their respective reference measurement. At the far end (at 0.2% strain along the 
z-axis), a small shift from the reference strain arises for both strain components. 
This could be caused by the initiation of damage in the material. 
Afterwards the sample was loaded in a standard tensile test of which the results are 
shown in Figure 5-44. It should be noted that the direction along which the sample is 
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tensioned (x-axis), is the in-plane transverse direction of the optical fibre sensor 
(2’-axis). Therefore, the strain transfer is not 100% and the measured curve can, as 
such, differ from the reference strain (in this case ~15%). 
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Figure 5-44: Strain measured with the MAxS-sensor embedded in a [02,902]2s CFRP-
specimen during a tension test. 
 
The second sample has a lay-up of [902,02]2s; the MAxS-sensor has been embedded 
in between the 11th and 12th layer (Figure 5-45). The sample was loaded in a tension 
experiment parallel with the x-axis (Figure 5-46). 
 
 
Figure 5-45: Cross-ply CFRP specimen [902,02]2s with a MAxS-sensor embedded in 
between the 11th and 12th layers. 
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Figure 5-46: Strain measured with the MAxS-sensor embedded in a [902,02]2s CFRP 
specimen during a tension test. 
 
Good agreement is found between the measured axial strain increment and its 
reference. The transverse strain components show high non-linearity at the 
beginning of the experiment. This non-linearity fades out at 0.035% of longitudinal 
strain. From this point on the increments match with those of the reference 
transverse strains. No valid explanation was found for this rather strange start of the 
experiment. 
 
A third sample has a [902,02]6s lay-up with the MAxS-sensor embedded in between 
the 3rd and the 4th layer (Figure 5-47). Unlike the other cross-ply laminate, the slow 
axis of the bow-tie has been oriented parallel to the surface of the laminate. The 
validity of the TC-matrix optimized for the previous cross-ply laminates (thin and 90 
degree different fibre orientation) can be evaluated. The sample was loaded in a 
tension experiment, parallel to the x-axis. 
 
 
Figure 5-47: Cross-ply CFRP specimen [02,902]6s with a MAxS-sensor embedded in 
between the 3rd and 4th layers. 
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Figure 5-48 shows the measurement results (MAxS-sensor) and compares them with 
their respective reference strain. A small difference can be seen for the axial strain 
component. Remark that straining thick samples is not that straightforward; the 
discrepancy can be caused by inhomogeneous clamping of the sample in the grips. 
Strain at the left side of the loaded specimen will, as such, differ from that on the 
right side. Again a non-linear course of the transverse strain curves at the beginning 
of the experiment was noticed which could not be explained. From ~100 µε 
(longitudinal strain) on, the increment of the measured in-plane transverse strain is 
equal to that of the reference strain (~0 µε/ µε). The increment of the measured out-
of-plane strain differs 3.5 times from the reference strain. This preliminary 
experiment already indicates that a better strain transfer in the through-the-thickness 
direction is to be expected when embedding the slow axis of the bow-tie fibre 
parallel to the surface of the laminate. More experiments are needed to optimize the 
TC-matrix for such a combination of laminate and embedded MAxS-sensor. 
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Figure 5-48: Strain measured with the MAxS-sensor embedded in a [902,02]6s CFRP 
specimen during a tension test. 
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5. 5.  MAXS-SENSOR SUBJECTED TO A REPRESENTATIVE 
STRUCTURAL LOADING CONDITION 
In the previously described results, the samples were subjected to a ‘so-called’ 
controlled load. In this section, a bending test was chosen as a representative for 
actual loading conditions. An example is the bending of an airplane wing as depicted 
in Figure 5-49). 
 
Airplane
Fuselage
Wing Wing
Loads:
- Weight of the fuel
- Own Weight
- Lift and external loads  
Figure 5-49: Schematic of the actual bending  of an airplane wing (and the typical 
causes). 
 
A four point bending configuration was chosen over a three point bending test, since 
for the first, a constant bending moment is created between the loading noses (load 
span). Further in this section, the opportunity to measure in-plane shear and 
temperature is evaluated. In the following discussions, several limitations and 
attention points of the MAxS-sensor will be addressed. 
5. 5. 1.  Four point bending experiment 
5. 5. 1. a.  Test results 
Several samples were manufactured and subjected to a four point bending test. An 
overview of the samples is shown in Figure 5-50. Of each lay-up, two samples were 
created and tested. Depending on how the sample is mounted in the test set-up 
(Figure 5-15), the MAxS-sensor can be put in tension or compression. 
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[0]48 
 
[0]16 
 
 
Figure 5-50: Detailed picture of the samples tested in four point bending 
 
In Figure 5-51 and Figure 5-52, the results of the four point bending tests for two 
[0]48 samples are depicted. For the first sample, the measured transverse strain 
components as function of the reference strain are depicted. The reference strain is 
measured by a surface mounted reference grating. In the first sample, the measured 
axial strain component was not available. 
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Figure 5-51: Results of the bending tests (sensor in tension at left and in compression at 
right) for the first [0]48 sample 
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Figure 5-52: Results of the bending tests (sensor in tension at left and in compression at 
right) for the second [0]48 sample  
 
The measured transverse strain components for the first bending test and the sensor 
in tension, show very good agreement with the reference strain components. When 
the sensor is loaded in compression, the through-the-thickness strain shows good 
agreement, but the other component shows an unexpected positive shift. A reason 
could be the initiation of damage in previous tests (cracking of the fibre/epoxy 
interface). For the second sample and the sensor in tension, reasonable agreement 
was found for the transverse strain components as compared to the reference strain 
components. When the sensor is put in compression, unexpected shifts were noticed 
for both measured strain components. Notice also the small difference between the 
measured axial strain and the reference strain measured by the reference grating 
mounted on the surface. Possible reasons for the unexpected discrepancies are 
considered in Section 5. 5. 1. b.. The influence of the axial strain on the calculation 
of the transverse strain components and the influence of compressive stresses in the 
longitudinal direction are discussed in more detail. 
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In Figure 5-53 and Figure 5-54, the results of four point bending tests on two [0]16 
samples are depicted. As shown in Figure 5-50, the second sample has half of the 
width of the first sample. For both samples, the measured transverse strain 
components are depicted as function of the reference strain. The reference strain is 
measured by an external reference grating. 
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Figure 5-53: Results of the bending tests (sensor in tension on the left and in 
compression on the right) for the first [0]16 sample. 
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Figure 5-54: Results of the bending tests (sensor in tension on the left and in 
compression on the right) for the second [0]16 sample. 
 
The measured strain and the reference strain are very similar for the first sample 
when the sensor is loaded in tension. In compression, the in-plane transverse 
measured strain component follows its reference strain at the beginning of the 
experiment but starts to differ at approximately 300 µε. Reasonable agreement 
between measured and reference value is found for the out-of-plane transverse strain 
component. The second sample shows a similar response for the sensor in tension 
and compression. The increment of the out-of-plane transverse strain component is 
slightly higher (respectively 25% and 30%) than the increment of its reference. On 
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the other hand, the increment of the in-plane transverse strain component is almost 
zero for the sensor loaded in tension and slightly positive when in compression. It 
should be noted that in this sample, the slow axis is oriented 75 deg with respect to 
the surface ( the slow axis is almost the vertical axis). As was theoretically proven in 
Section 4. 5. 2. c., the same values of the TC-matrix can be used to calculate the 
strain components. However, the only difference is changing the 2nd and the 3rd row 
in the matrix. Experimentally this was not proven yet and can as such cause the 
differences in this set of experiments. 
5. 5. 1. b.  Pitfalls and solutions 
Influence of the axial strain value on the calculation of transverse strains 
One should be careful when using the axial strain determined from equation 5-6, to 
calculate the transverse strain components. If both FBGs of the MAxS-sensor do not 
have the same embedding depth in the laminate (e.g. because of differences in 
diameter of the bare fibre and the capillary, see Figure 5-55), this will lead to a 
different (axial) strain state sensed by both FBGs. It should be noted that the value 
of the axial strain has a big influence on the transverse strain components. When 
considering the theoretically determined TC-matrix of a [0]48 laminate, a 
measurement error of the axial strain of 10% leads to a transverse strain component 
which is increased by ~8% of the axial strain value. Since in most loading conditions 
the axial strain is the highest component, the transverse strain will suffer from high 
measurement errors. 
 
∆
FBG 1 FBG 2
Capillary
8 layers
Ply boundary
Ply boundary90 deg
90 deg
0 deg
 
Figure 5-55: Micrographs for determining the difference in embedding depth of both 
FBGs. 
 
Figure 5-56 repeats the results for the first [048] sample loaded under four point 
bending. Two different values for the axial strain (the correct one and a 15% lower 
value) were used to calculate the transverse strain components. When FBG2 in the 
capillary measures the same axial strain as FBG 1, the transverse strain components 
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are in good agreement with the reference transverse strain components. However, 
when the capillary has an embedding depth which differs 15% from FBG1, the 
transverse strain components calculated using Equation 5-1 and Equation 5-6 will 
differ 750%! 
 
Figure 5-56: Results of the bending test on samples [0]48 considering different 
embedding depths for FBG2 (capillary). 
Compressive strains 
To measure compressive strains with the MAxS-sensor, the grating in the capillary 
should have a certain pretension. In Figure 5-57, the Bragg wavelength shifts of a 
MAxS-sensor loaded in compression during a bending experiment are given. The 
grating outside the capillary exhibits a linear response, the one inside the capillary 
does not (the fibre is bent instead of compressed). The measured axial strain will 
therefore, not be correct and the transverse strain components will show large drifts 
for high axial strains during bending. 
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Figure 5-57: The Bragg wavelength shifts of a MAxS-sensor loaded in compression 
during bending. 
5. 5. 2.  Shear–tensile experiment 
In this dissertation, the emphasis is on measuring the principal strains of a composite 
structure with embedded optical fibre sensors. A structure with a randomized lay-up 
in which 0 deg, 90 deg, +45 deg, and -45 deg layers are stacked, will always be 
subjected to shear strains when it is loaded. Theoretically it was already shown 
(Section 2. 2. 1.) that shear strains do not cause additional wavelength shifts. 
Performing a shear tensile test as described in Section 5. 2. 4.  should prove the 
validity of this assumption. Four samples were produced: two [+452,-452]6s 
laminates (Figure 5-58) and two [+452,-452]2s laminates (Figure 5-59). For both lay-
ups, the MAxS sensor is oriented along the -45 deg reinforcement layer. As such, 
the sample needs to be wider (minimum width is 30 mm) then described in the 
ASTM standard for this test. 
 
 
Figure 5-58: [+452,-452]6s CFRP specimen with a MAxS-sensor embedded in between the 
3rd and 4th layer. 
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Figure 5-59: Two [+452,-452]2s CFRP specimens with a MAxS-sensor embedded in 
between the 11th and 12th layer. 
 
For the case of the [+452,-452]2s laminates, we were obliged to test both samples at 
once without separating the samples, due to fibre breakage at the entry point at one 
side of the sample. Special metal tabs were used to easily mount the wide sample 
(~80 mm) in the grips of the universal materials testing machine (Figure 5-60, left). 
The samples were strained up to approximately 0.1% in the x-direction (Figure 5-60, 
right). In these samples, the optical fibre sensors are not embedded with the correct 
orientation (with the slow or fast axis parallel to the surface) (Table 5-4). This 
makes it difficult to relate the measured strain components (MAxS-sensor) with the 
reference strain (surface mounted reference grating combined with FE-simulations). 
 
The results of the shear tensile test on a [+452,-452]2s laminate is given in 
Figure 5-61. Although the sample is strained up to 0.1% in longitudinal direction, 
the MAxS sensor (embedded along ±45°) measured a maximum strain of 
approximately 0.006% along the reinforcement fibres. This strain component shows 
good agreement with the reference strain measured by a surface mounted FBG. On 
the other hand, the measured in-plane transverse strain component is much higher 
and the out-of-plane strain component a bit lower than their respective reference 
strain component. This is caused by the wrong orientation (~50 deg) of the 
embedded optical fibre. The out-of-plane transverse strain component will, as such, 
affect both eigenaxes of the fibre, which can be seen in similar increments of the 
wavelength shift and measured strain values for both polarization modes. Notice that 
this type of experiment induces a shear strain in the optical fibre that has a 
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magnitude of ~10 times higher than the out-of-plane strain component and 
~20 times higher than the induced axial strain component. 
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Figure 5-60: Two [+452,-452]2s CFRP-specimens mounted simultaneously in the grips of 
the test machine by using special metal tabs (left). The sample is strained up to 0.1% in 
the x-direction (right). 
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Figure 5-61: Results of the [+452,-452]2s specimen under a shear tensile load. The 
measured principal strains and the in-plane shear strain are given as function of the 
reference strain along the 1’-axis. 
 
The results of the shear tensile test on a [+452,-452]6s laminate is given in 
Figure 5-63. Both laminates were tested separately and show similar results. 
Although the sample is strained up to 0.1% in longitudinal direction, the MAxS 
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sensor (embedded along +45 deg) measured a maximum strain of approximately 
0.002% along the reinforcement fibres. 
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Figure 5-62: A [+452,-452]6s CFRP specimen mounted in the grips of the testing machine 
(left). The sample is strained up to 0.1% in the x-direction (right). 
 
The strain measured parallel to the reinforcement fibres shows reasonable agreement 
with the reference strain calculated by FE-simulations. However, it shows 
decreasing increment during the test. This non-linear behaviour of the axial strain is 
caused by rotation of the reinforcement fibres towards the loading direction (i.e. the 
composite becomes stiffer during loading). Just like the thin samples and for the 
same sensor orientation reason, the measured in-plane transverse strain component 
is much higher and the out-of-plane strain component lower than their respective 
reference strain component. 
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Figure 5-63: Results of the [+452,-452]6s specimen under a shear tensile load. The 
measured principal strains and the in-plane shear strain are given as function of the 
reference strain along the 1’-axis. 
Multi-axial Strain Monitoring of Thermosetting FRPs with Bragg Sensors 
 
224 
Although more research is necessary, one can already conclude that there exists no 
or limited influence of the shear strain on the strain measurements of a HiBi optical 
fibre sensor. 
5. 5. 3.  Thermal cycle testing 
The internal strain field of structures can be measured with embedded FBGs 
whenever temperature is kept constant. In situ strain measurements, however, 
require a correction mechanism for the intrinsic temperature sensitivity of the Bragg 
grating sensors. Although a small difference exists in temperature sensitivity [13] for 
the Bragg peaks of FBGs written in classical birefringent fibres (bow-tie, panda, and 
elliptical cladding), discriminating axial strain and temperature remains very 
difficult [14, 15]. 
This is demonstrated in the following thermal cycle experiment on a 
[+452,-452,902,02]s laminate (Figure 5-64). 
 
 
Figure 5-64: [+452,-452,02,902]s CFRP specimen with a MAxS-sensor embedded in 
between the 5th and 6th layer. 
 
Figure 5-65 shows the temperature history of the thermal cycle test. A relative fast 
temperature rise of 3°C/min is followed by a very long cooling period (±6 hours). 
During the cooling phase, the temperature in the autoclave can be considered as 
homogeneous. 
Figure 5-66 shows a clear difference between the FBG inside the capillary and the 
one fully surrounded by the host material. The difference in wavelengths of fast and 
slow axes remains more or less constant for the FBG in the capillary (FBG 2). This 
is a combined effect of intrinsic thermo-optic effects of the optical fibre and thermal 
strain (in longitudinal direction of the fibre) of the composite sample. The other 
FBG, however, senses these two effects and the transversal strain as well. The clear 
difference in sensor response results from the residual strain releasing during heating 
and building back up when cooling down. 
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Figure 5-65: The temperature cycle applied during the thermal test inside the autoclave 
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Figure 5-66: The wavelength shifts as function of temperature (cooling phase) 
 
It should be remarked that decoupling of the thermal strains and intrinsic 
temperature effects is not at all straightforward. This is simply due to the fact that 
there is a fundamental difference in both phenomena. One can understand this 
fundamental difference by the observation that the fully embedded FBG notices 
“three dimensional” strain and temperature effects of the laminate and intrinsic 
thermal effects of the optical fibre. The FBG inside the capillary only notices 
intrinsic thermal effects (i.e. thermo-optic effect) and a pure longitudinal thermal 
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strain effect of the laminate. The three dimensional thermal strain effect of the 
laminate is determined by coefficients of thermal expansion in the longitudinal and 
transversal direction. As such, it is not possible to determine and decouple all effects 
with one MAxS sensor. 
Instead, one typically relies on an additional embedded sensor to correct for 
temperature variations. This sensor should be isolated from the existing strain field 
by encapsulating it with a (glass, fused silica or metal) capillary (Figure 5-67) 
[14, 16, 17]. 
 
 
Figure 5-67: Schematic of an optical fibre Bragg grating embedded in a capillary to 
exclude all external stress/strain components. 
 
An example of this method is illustrated in the following paragraph, using a 
composite sample with a uni-directional lay-up ([0]16, Figure 5-68). 
 
 
Figure 5-68: [0]16 CFRP-specimen with a FBG 1 and FBG 2 as temperature sensor 
embedded in between the 3rd and 4th CFRP-prepreg layer. 
 
The same thermal cycle as for the first sample is used. In order to evaluate more 
easily, the results are plotted as function of a rising temperature. Figure 5-69 shows 
the temperature variation against time: the duration of the thermal cycle is 16 h. This 
proves that the laminate is in a steady state of temperature at each moment. 
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Figure 5-69: The temperature shift as function of time, during the thermal cycling of a 
[0]16 laminate inside the autoclave. 
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Figure 5-70: Wavelength shifts of the embedded MAxS-sensor (in a [0]16 laminate) 
during thermal cycling 
 
The plot in Figure 5-70 shows the wavelength shift of the two FBGs. The FBG 
inside the capillary (FBG 2), is subjected to the thermal expansion of the optical 
fibre, and the thermo-optic effect. In addition, FBG 1 is subjected to transverse 
strain imposed by the thermal expansion of the laminate in the transverse and axial 
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direction. One can notice a difference between the response of the fast and slow axis 
(FBG 1), indicating anisotropy in thermo-optic coefficients of the fibre caused by 
the bow-tie (i.e. SAPs). The curves are non-linear over the full range, which is 
caused by the non-linear temperature sensitivity of the grating (Figure 5-71, 
Section 2. 4. 3. a.). 
Figure 5-71 indicates the good correspondence of the wavelength shifts of FBG 2 
which is isolated from mechanical strain, and the wavelength shifts calculated using 
the calibrated temperature sensitivity (Equation 5-12). 
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S2,fast, S1,fast, S2,slow, and S1,slow are the temperature sensitivities determined in Section 
Section 2. 4. 3. c.) 
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Figure 5-71: Wavelength shifts of FBG 2 which is isolated from mechanical strain, and 
the shifts calculated using the calibrated temperature sensitivity. 
 
Subtracting the results of Figure 5-71 from the total wavelength shifts (Figure 5-70), 
one can find the wavelength shifts solely caused by thermal strain.  
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Figure 5-72: Wavelength shifts of the embedded FBG (in a [0]16 laminate) under thermal 
cycling caused by thermal expansion only. 
 
By applying the gauge factors on these wavelength shifts together with the expected 
axial strain, the transverse strain components present at the core of the optical fibre 
can be calculated. 
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The axial strain was calculated using the longitudinal expansion coefficients of the 
CFRP laminate (αaxial = -0.55*10-6 [1/°C]). The transverse reference strain 
components were calculated using the transverse expansion coefficient 
(αtransverse = 34*10-6 [1/°C]).  
The same order of magnitude was found for the measured strains with FBG 1 and 
the ones calculated using the thermal expansion coefficients. The differences are 
most probably attributed to unknown values of the thermal expansion coefficient for 
the CFRP production process at the UGent facility. It can also be partially assigned 
to the fact that a small part (~10%) of the wavelength shift of the strain free FBG 2 
is related to the free thermal expansion of the fibre, which is not allowed for FBG 1. 
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Figure 5-73: Transverse strain components measured with an HiBi bow-tie FBG 
embedded in a CFRP specimen under temperature load. 
5. 6.  CONCLUSIONS 
In this chapter, the author embedded several MAxS-sensors in carbon reinforced 
thermosetting plastic samples. The samples have been  manually laminated, which 
eased the embedment of the sensor. After embedment, the carbon/epoxy samples 
were cured using an optimized curing cycle. Although most of the mechanical 
properties were available from the manufacturer and from other authors, the actual 
properties (proper to our optimized autoclave curing cycle) have been determined 
during a master’s thesis at Ghent University. Big differences were found for two sets 
of samples with a unidirectional lay-up in which the reinforcement fibres are 
oriented in the 0 deg-direction. It has been explained in literature that, in case of 
carbon-fibres, material properties are highly dependable on the fibre direction. Even 
the slightest deviation from the 0 deg direction causes a significant change in 
material properties. 
Samples with different lay-ups and embedded MAxS-sensor were manufactured. For 
the samples which had the MAxS-sensor embedded in the 90 deg layer or the ± 45 
deg layers of the sample, the two separate gratings of the sensor had a separate 
optical connector. For all other samples, the gratings could be embedded in series 
(one optical connector). Five different types of experiments were proposed. A 
transverse tension-compression test, a tensile test, a four point bending test, a shear 
tensile test, and a thermal cycle test were executed. Reference strains, wavelength 
shifts, load and displacement of the test rig were measured simultaneously. The 
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wavelength shifts were measured using a commercially available spectrum analyzer 
with an interrogation rate of 1/s and a wavelength resolution of 1 pm. Therefore, the 
load increment of the experiments was kept as low as necessary to obtain a quasi-
static experiment. 
A discrepancy between the measured strains (MAxS-sensor) and the reference 
strains exists when using the theoretically determined TC-matrix (Chapter 4). 
Therefore, the TC-matrix was optimized for two different stackings of the laminates 
(a [0]x and a [04,904]xs lay-up). During the optimization procedure, it was 
experimentally proven that both lay-ups should have a different TC-matrix. This 
optimized strain transfer coefficient-matrix was used to calculate the strain data of 
the composite samples under controlled loading via the wavelength shifts of the 
MAxS-sensor. 
The combined transverse tension-compression experiment proved that the 
response of the embedded FBG is equal in tension and compression. As such, the 
TC-matrix for a particular lay-up can be generalized for all the samples with similar 
lay-up. No strain data was compared with the reference strain data since the test set-
up had too many imperfections. The transverse compression experiments proved 
the feasibility of the sensor; it is capable of measuring the through-the-thickness 
strains. Because of that, this type of sensor could be used to serve as reference strain 
measurement in such an experiment. The tensile tests proved that the sensor is able 
to measure transverse strains, even though, they are very small in such experiments. 
Large scatter was observed for the small transverse strain components. It was shown 
that the magnitude of these components approximates the resolution of the MAxS-
sensor. In order to create a uniform longitudinal strain field in the thick and wide 
composite samples, the tensile test is not that straightforward. It is very important to 
clamp the test-sample over its complete width with the same clamping pressure (e.g. 
with hydraulic grips, which were not available at the time). The four point bending 
experiments introduced several disadvantages and imperfections of the MAxS-
sensor. For most samples, the measured strains are in good correspondence with the 
reference strains when the sensor is loaded in tension. For some samples, the in-
plane transverse component does not react as it should (possibly due to damage at 
the position of the sensor). One of the imperfections is the large influence of the 
axially measured strain in determining the transverse strain components. It was 
shown that a small error on the axial strain (for example 15%) could lead to a big 
error (of 750%) on the transverse strain components. This 15% error can, for 
example, be caused by a different embedding height of FBG 1 and FBG 2. A 
solution could be a recoating of the sensor as a whole, so that the sensor has a 
uniform diameter over its length. The recoating should have high Young’s modulus 
to minimize the buffering effect of the coating on the transverse strain components, 
and should be kept as small as possible to minimize distortion effects. A second 
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imperfection was found during compressive loading of the samples. Instead of 
compressing the fibre, it bends in the capillary, leading to an underestimation of the 
axial strain. Because of the first imperfection, this underestimation leads to a very 
high overestimation of transverse strains. Pretensioning of the fibre in the capillary 
should overcome this imperfection. The shear tensile tests have proven that the 
gratings are almost insensitive to shear strain, which proves the definition of the K-
matrix in chapter 2. Thermal cycle tests have indicated the need for additional 
research in the field of temperature compensation for HiBi-fibre sensors. An extra 
sensor embedded in a capillary isolated from any stress or strain whatsoever, could 
be a solution and is evaluated in a preliminary test. 
 
In the following chapter, an embedded MAxS-sensor will be used to follow up its 
autoclave curing cycle. Further, the sensor will be embedded in a T-joint to prove 
the feasibility of using it in a real composite structure. At last, FBGs written in a 
relatively new type of HiBi-fibre (micro-structured optical fibres) will be tested and 
their strain sensitivities will be compared with FBGs in bow-tie fibre. 
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Chapter 6 : PERSPECTIVES IN MULTI-AXIAL STRAIN 
SENSING WITH EMBEDDED FBGS 
 
The feasibility of the MAxS-sensor has been evaluated in the previous chapter by 
conducting tests on coupon level. In this chapter, some perspectives are given to use 
this sensor type in several “real-life” applications (Figure 6-1).  
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Figure 6-1: Overview of 4 perspectives in multi-axial strain sensing with embedded 
FBGs. 
 
The first is following up the development of residual stresses and strains in 
composite laminates and structures. This is done by monitoring the sensor’s 
response during the cure cycle of the composite element. A second perspective is the 
monitoring of a real structural element during its service life. In section 6.2, the 
MAxS-sensor is embedded in a scale model of a T-joint. An experimental set-up was 
designed and fabricated to test this type of structure. Instead of using conventional 
HiBi-fibre to measure the transverse strain components, one can switch to so-called 
micro-structured fibres (MSFs). As discussed in the third perspective, FBGs written 
in such a fibre hold a promising solution for transverse strain measurements without 
the need for temperature compensations. 
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6. 1.  CURE CYCLE MONITORING 
6. 1. 1.  Origin of the cure residual strains 
Residual strains are strains which exist in a structure in the absence of any external 
load (mechanical, and thermal). For composite structures in general, these strains 
play a significant role in their future mechanical performance. On microscopic level 
they arise from the mismatch in material properties between the (stiff) reinforcement 
fibres and the (soft) resin. For instance, the coefficient of thermal expansion is 
-1.1 ⋅ 10-6 1/K-1 [1] and 55 ⋅ 10-6 1/K-1 [2], for fibre and epoxy resin respectively. On 
macroscopic level, they can arise from ply anisotropy (e.g. non balanced, non 
symmetric laminate) which can lead to mechanical instability of the structure (e.g. 
deformed structures). On both levels, the MAxS-sensor can play a role in 
understanding and characterizing these residual strains. With the MAxS-sensor, the 
cure cycle of composites can be monitored. In this section we focus on the 
microscopic level of residual strains. 
6. 1. 2.  Monitoring of residual strains using optical fibre sensors 
Several authors have already tried to evaluate the curing process using optical fibre 
sensors. In what follows, a chronological overview is given. 
Huang et al. [3] applied an embedded distributed fibre sensor based on Brillouin 
scattering to monitor the strain and temperature variation during the curing process 
of a carbon fibre/epoxy composite. Without going into detail, the used sensors 
measure the Brillouin frequency shift within the fibre, and determine the strain and 
temperature at different locations using the Brillouin loss technique. For more 
details, the author refers to more specialized literature [4]. The optical fibre was 
embedded within the mid-ply of a 16-ply panel. The used method could obtain data 
points for each 5cm of the fibre with a resolution of 17µε. It was observed that the 
net strain change during curing was 255 µε. It should be mentioned that the method 
only measures the combination of the longitudinal and transverse strain components, 
without making any distinction between them. Guemes and Menéndez [5] embedded 
two uni-axial FBGs in a carbon/epoxy laminate with a quasi-isotropic configuration 
([45,-45,0,90,0,-45,45,0,90,45,-45]2s). The fibres were embedded in between two 
intermediate plies parallel to the reinforcing fibres. Guemes and Menéndez observed 
that the shape of the spectrum remained unaltered during the heating process. 
However, at the beginning of the cooling process, the residual stresses promoted by 
the thermal contraction appear, affect the spectrum and even lead to a splitting of the 
Bragg peak. This splitting indicates that a certain transverse strain component (∆εyy-
∆εzz) has developed during the curing. However, with the use of a single grating, one 
cannot distinct all individual strain components. Without making this distinction, 
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Guemes and Menéndez found the longitudinal strain during compression of the 
laminate to be approximately 600 µε. Due to thermal contraction, the strain in 
longitudinal direction was observed to be about 1000 µε. Okabe et al. [6] compared 
the influence of the occurring residual curing stress on uncoated, polyimide coated 
normal and polyimide coated small diameter FBG sensors. The fibres were 
embedded in a cross ply laminate [02,904,02] in the 0 degree ply, in contact with the 
90 degree ply. This embedment position should be appropriate for the detection of 
transverse cracks in the 90 degree ply. Goal of their research was the minimization 
of the effect of non-axisymmetric thermal residual stress on the spectrum of these 
FBG sensors. For the uncoated FBG sensor, birefringence effects are induced in the 
optical fibre, leading to a spectrum with two distinct peaks (Figure 6-2). This 
spectral splitting was not observed for the polyimide coated FBGs. Indeed, the 
coating acts as a buffer for the occurring non-axisymmetric residual stresses. 
However, the sensor will become less sensitive for measuring transverse cracks. 
 
 
Figure 6-2: Reflection spectra from an uncoated uni-axial FBG sensor, which was 
embedded into a CFRP laminate, measured during the cure cycle. (a) During the 
heating process and (b) during the cooling process [6]. 
 
Kuang et al. [7] and Li et al. [8] removed the cladding of the optical fibre to keep the 
fibre core in contact with the host polymer. The technique used to monitor the 
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melting and solidification process in this study, is based on monitoring the 
modulation of the refractive index of the polymer matrix. This refractive index 
variation varies the amount of light transmitted through the optical core, which 
makes it possible to follow up the solidification process of the polymer matrix. 
Residual strains cannot be measured using this technique. Sorensen et al. [9] 
embedded uni-axial FBG sensors to observe the residual strain development during 
the consolidation of a thermoplastic composite (AS4/PPS). The wavelength shifts 
and spectral form changes induced by the contraction of the composite during 
cooling were measured. The spectrum splits in two overlapping peaks during 
cooling, which makes it difficult to simultaneously measure both Bragg wavelengths 
(using for example a ‘3db width’ procedure [10]). A tuneable laser with polarization 
control was helpful in separately measuring both Bragg wavelengths (Figure 6-3). 
From the measurements before and after consolidation, a transverse strain difference 
(in-plane - out-of-plane) of maximum 273 µε was found. 
 
 
Figure 6-3: Spectral measurements of an embedded FBG before and after consolidation. 
The two right-hand peaks represent the two major polarization axes [9]. 
 
Jung et al. [11] braided several nylon fibres with the 3D-reinforcement of a 
composite laminate. Afterwards, these nylon fibres were replaced by optical fibres 
containing FBGs. This made it possible for the authors to monitor the expansion and 
contraction caused by the matrix cure, as well as the temperature changes during a 
resin transfer moulding process. A maximum strain of 410 µε was measured in the 
longitudinal direction of the fibre. Jung et al. [12] also estimated the build-up of 
residual stress and strain in a hybrid carbon/phenolic composite using embedded 
fibre Bragg grating sensors. The composite is partially delaminated with a releasing 
film. Both regions were monitored during curing; the differences in strain between 
Chapter 6                                  Perspectives in Multi-Axial Strain Sensing 
 
239 
hybrid and delaminated regions were assumed to be the residual strains in the hybrid 
region. Only a longitudinal strain component could as such be observed. 
 
 
Figure 6-4: Partially delaminated hybrid composite [12]. 
 
Kim et al. [13] embedded an array of FBG sensors in a carbon laminate 
[0,45,90,-45]2s which was cured using an out-of-autoclave process (Quickstep 
process). During curing, a broadening of the spectrum could be observed, which 
indicates the occurrence of transverse stress. Mulle et al. [14] embedded FBG 
sensors in two different plies of a [08] laminate to monitor the cure cycle during 
fabrication. The various phases during the cure cycle are well visualized 
(Figure 6-5). At the end of the cure cycle, the residual strains (longitudinal) were 
estimated to be 75 µε at a specific point in the laminate. 
 
 
Figure 6-5: Longitudinal strain changes measured in a [08] laminate during a cure cycle. 
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In the following sections, the MAxS-sensor is embedded in a carbon/epoxy laminate 
panel. During the cure cycle, the wavelength shifts of the sensor are monitored.  
6. 1. 3.  Materials and method 
MAxS-sensors were embedded in a composite laminate [±452,02,902]s in between 
and parallel to the 0 deg [15]. Figure 6-6 depicts the positions of the sensors. Only 
the sensor in the middle was monitored during curing of the composite panel. The 
panel was cured in the UGent autoclave which had to be modified with fibre 
through-puts (Figure 6-7). During the curing cycle, temperature (thermocouple), 
pressure (P-sensor), vacuum (P-sensor), and wavelength shifts (FBGs) have been 
measured and plotted as function of time. 
 
MAxS‐sensors
 
Figure 6-6: The composite laminate (lay-up [±452,02,902]s) which has been monitored 
during curing. On the left, the embedding of the MAxS-sensor in between two layers 
with the reinforcement fibres in the 0 deg direction is shown and on the right, the 
resulting laminate after curing[15]. 
6. 1. 4.  Results and discussion 
Figure 6-8 shows the results (pressure, vacuum, temperature, and wavelength shifts) 
as function of the curing time. The cure cycle can be divided into five phases, which 
is clearly indicated at the bottom of the figure. At first, vacuum is already on the 
laminate and temperature is raised until it reaches 120°C. In this phase, the 
wavelengths of both FBGs (red and black in the graph) change linearly with 
temperature. On the one hand, this is caused by the thermal dependency of the FBG, 
and on the other hand, it is caused by the thermal expansion of the uncured lamina. 
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Autoclave
0 – 180°C 
Thermocouple
acquisition
FBG‐scan
0 – 7 bar
0‐ 0.3 bar
Pressure
acquisition
Figure 6-7: A schematic drawing of the set-up for measuring the cure cycle during 
manufacturing of a composite, using the autoclave production technique (left). Detail of 
the fibre through put at the UGent autoclave (right). 
 
The second phase is the isothermal dwell phase in which temperature is kept 
constant at 120°C. In Section 5. 1 it was shown that this dwell step of constant 
temperature is done at the level of optimal epoxy viscosity of the matrix material 
[16], allowing the epoxy resin to flow and the layers to stick together. During this 
dwell step, the wavelengths slightly decrease, which corresponds to the settlement of 
the material due to the vacuum. This is a decrease of the wavelengths since the 
dependency of the sensor to transverse pressure is negative. In the third phase, 
firstly, pressure is put on top of the sample. This leads to a small drop of the 
wavelengths due to the reason mentioned before. Secondly, the temperature is raised 
up to 180°C (cure temperature); again all wavelengths are equally raised as function 
of temperature. At that point we enter the fourth phase in which the epoxy curing 
starts. This process leads to a chemical and thermal interaction of the sensor and its 
host material. In this phase, a different  wavelength behaviour can be noticed for 
both FBGs. The wavelengths of the FBG in the capillary increase, while the other 
ones decrease. The FBG in the capillary is only exposed to axial stress during the 
settlement of the structure under the pressure and temperature conditions, while the 
other FBG is exposed to transverse stress components as well. The fifth phase starts 
when the heating is stopped and the inside of the autoclave can cool down under 
atmospheric conditions. The residual strains for the FBG outside the capillary -
caused by the mismatch in CTE of epoxy and reinforcement fibres- appear in a peak 
separation of the spectrum. 
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Figure 6-8: The measured temperature, external pressure, vacuum pressure, and Bragg 
wavelengths during the cure cycle of a [±452,02,902]s laminate [15]. 
In Figure 6-9, all wavelength shifts are plotted as function of time on one graph to 
have a clear view on the different behaviour of both FBGs. During temperature 
increase, the encapsulated FBG exhibits a larger increase in wavelength shift since it 
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is sealed from transverse influences during expansion (increasing temperature) and 
shrinkage (decreasing temperature) of the laminate. This is because the gauge 
factors of these transverse influences are negative (pressure leads to an increasing 
wavelength shift). During cooling phase, the nominal wavelength decrease happens 
in a similar way for both sensors,. The most striking in this figure, is the Bragg peak 
separation during the cooling phase of the spectrum of the FBG which is not 
encapsulated. This Bragg peak separation is the visualization of the developing 
residual stresses and strains in the composite panel while curing. Note also that the 
four Bragg wavelength shifts move towards an asymptotic value while the 
temperature is kept constant at 180°C. The asymptote is not reached yet, which 
could be explained by assuming that the curing process (solidification) is 
incomplete. 
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Figure 6-9: Wavelength shifts of both FBGs during the curing cycle of a [±452,02,902]s 
laminate. 
 
To have a better understanding of the curing process, the wavelengths of both FBGs 
are delineated as function of temperature in Figure 6-10. It is clear that during the 
whole curing process, the first FBG got a total negative wavelength shift of ~1.0 nm, 
while the encapsulated FBG got a total positive wavelength shift of ~1.0 nm. The 
first drop, observed in both graphs, is due to the application of the necessary 
pressure to enhance the flow of the resin throughout the laminate. At the constant 
curing temperature (dwell step), the differences for both sensors are clearly visible. 
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The first wavelength shift of the first FBG decreases less than the wavelength shift 
of the encapsulated FBG increases. During cooling, the FBG covered from 
transverse strains is only affected by the negative CTE of the lamina. As such, the 
wavelengths of both polarization modes of this FBG will change homogeneously. 
The other FBG is also affected by the mismatch in CTE between epoxy resin and 
reinforcement fibres. Since the CTE of the epoxy resin is a lot bigger than that of the 
fibres, the FBG will sense a certain pressure, which results in lower wavelengths. As 
temperature decreases, the pressure will rise and a peak separation will occur. 
Because the FBG response is affected by the strain and temperature change 
simultaneously, the strain needs to be calculated by subtracting the temperature 
portion from the total Bragg wavelength shift. In order to determine the temperature 
portion, an external temperature measurement is necessary (section 5. 4. 3). 
It is difficult to quantitatively measure the residual strains during the curing cycle. 
After curing, the initial and final wavelengths could be used to determine the 
residual strains in a composite lamina. Therefore, the exact TC-matrix needs to be 
determined (Section 5. 3). Though, with the MAxS-sensor a clear qualitative view is 
obtained of the occurring phenomena during the curing process. 
 
6. 1. 5.  Conclusions 
It is generally known that during the fabrication process of composite laminates and 
structures, the build-up of residual stresses and strains can be significant, caused by 
the mismatch of the CTE of the reinforcing fibres and the epoxy matrix. By 
embedding the MAxS-sensor in a composite laminate [±452,02,902]s (fabricated 
using the autoclave technique) it was possible to visualize the separate effects of 
axial strain and transverse strain components during the curing process. The 
difference in response between the FBG inside the capillary (homogeneous shift of 
the Bragg peak spectrum) and the one surrounded by the host material (shift with an 
extra Bragg peak separation), shows a clear residual strain development during the 
cooling phase. 
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Figure 6-10: Dependency of the four Bragg wavelengths on temperature. FBG 1 is 
‘normally’ embedded in the laminate and FBG 2 is the sensor inside the capillary. 
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6. 2.  MAXS-SENSOR EMBEDDED IN A REPRESENTATIVE SCALE 
MODEL OF A T-JOINT STRUCTURE 
6. 2. 1.  Background 
T-joints are frequently used as blade stiffeners. The T-section mostly carries in-
plane shear loads from the stiffener plane to the skin-plane [17]. Such a structural 
element presents major advantages compared to sandwich structures. For example, 
absence of the core material with its problems in sorption and pressure balance 
inside/outside of the core, potting of fasteners, edge closure, and shape limitations 
(thickness variations, curvatures). Currently, T-joints are also finding increased 
application in 3-D structures e.g. to transfer all kinds of loads from one plane 
(e.g. X, Y) to another plane (e.g. Y, Z). A specific weakness of T-joints is their 
limited pull-off loads [17]. 
In this section, we will embed the MAxS-sensor into a scale model of a T-joint 
structure, and afterwards load the sample in four point bending and with a pull-off 
load. 
6. 2. 2.  Manufacturing process of T-joint structures with embedded 
FBGs 
6. 2. 2. a.  T-joint fabrication 
In Figure 6-11 an overview is given of the production process of a T-joint scale 
model. Such T-sections are typically manufactured by laying up and debulking two 
angled parts on a mould and the rest of the skin on a flat table (1). Then the angled 
parts are assembled into a T-section (2) and the triangular UD stack of plies are 
inserted in the hole of the T-assembly. Finally, the assembly is finished with the 
(rest of the) skin lay-up and is put in a vacuum bag to cure in the autoclave (3). The 
resulting T-joint is depicted as well (4). It should be mentioned that the same base 
material as was used for the coupons (M55J/M18 prepreg) was used to manufacture 
the scale model. 
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(1) 
 
 
(2) 
 
 
(3) 
 
 
(4) 
 
Figure 6-11: Production process of the T-joint demonstrator (1-3)  and a resulting scale 
model (4). 
 
The following geometry was used to manufacture the scale model of the T-joint 
structure (Figure 6-12): 
• A (flange) = [±452,04,904]s (thickness=2.4 mm) 
• B (web) = [±452,04,904, 904, 04, ±452]s (thickness =4.8 mm) 
• Radius = 5 mm, d1 = 2.4mm, d2 = d3 = 4.8mm  
• Height (B) = 65 mm,  Width = 100 mm, Length (A) = 150 mm 
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65 mm
150 mm
100 mm
radius =5 mm
d3 = 4,8 mm
d2 = 4,8 mm
d1 = 4,8 mm
 
Figure 6-12: Geometry of the fabricated scale model of a T-joint structure 
6. 2. 2. b.  Sensor placement 
In order to determine the optimal positions of the FBGs (zones in which large, 
preferably constant, longitudinal and transverse strain arises), detailed finite element 
analyses have been performed on a T-joint FE-model. One fourth (because of 
symmetry reasons) of the T-joint with lay-up was modelled for the four point 
bending load case. 128.000 hexahedral elements of type C3D8R, and in the bent 
zone 9.000 linear wedge elements of type C3D6, were used to model the T-joint.  
An obvious result of the four point bending simulations, was the observation of a 
region in which a constant strain field was created during the experiment 
(Figure 6-13). This region is very well suited to embed a multi-axial strain sensor. 
Since very small strains in the in-plane transverse direction of the T-joint were to be 
expected, no capillary was embedded along this direction. 
No continuous strain field region was observed for the simulation of the T-joint 
under pull-off load. However, very large strain gradients were observed in the bend 
section of the web, which leads to damage initiation. Cartié et al. [18] have done 
tests on various T-joints under pull-off load, in which they observed damage 
initiation in that particular region (Figure 6-14). Damage detection is not an issue in 
this work, however, embedding a multi-axial strain sensor in this region would be 
appropriate. At higher loads, damage propagates to completely pull off the web from 
the flange. This makes the middle between web and flange also an interesting region 
to embed a multi-axial strain sensor. 
This knowledge leads to the definition of the position of five sensors which were 
embedded in the sample (Figure 6-15 and Figure 6-16). (1) One sensor was covered 
in a capillary sensor (FBG 1) and embedded in between layer six and seven of the 
flange (0 deg plies) to be able to measure the strain in the longitudinal direction of 
the sample. (2)-(3) Two sensors were embedded in the plateau of the T-joint (FBG 2 
& FBG 5) and one in the bending region of the web (FBG4), in the tenth layer of the 
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web between two 90 deg plies. (4) FBG 3 is embedded under the triangular filling of 
the assembled web in between the web and the flange. Due to epoxy flow inside of 
the PTFE buffering during curing, the fibre of FBG 3 did not survive the process. In 
addition, during set-up of the four point bending experiment, FBG 4 broke. 
 
Constant 
strain field region
Plane
of symmetry Load roll
Support roll
 
Figure 6-13: Finite element analysis of four point bending loading of a T-joint with 
indication of the principal strains  
 
 
Figure 6-14: Observation of damage initiation in the web at the bending region during a 
pull-off testing of a T-joint[18]. 
 
 
FBG 5
FBG 2
FBG 4
FBG 1
FBG 3
 
Figure 6-15: Schematic representation of the T-joint and the location of 5 embedded 
optical fibre sensors. 
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Figure 6-16: The several FBG sensors embedded in the scale model of the T-joint. 
6. 2. 2. c.  Post manufacturing sensor analysis 
Due to a malfunctioning of the inlet valve of the autoclave, the pressure was twice 
the desired value during the curing cycle. Therefore, a lot of epoxy resin matrix was 
pressed out of the prepreg, and even some of the carbon fibres were pushed out of 
the laminate. This led to very high residual stresses inside the T-joint, which is 
clearly visible in the spectra of the FBGs that survived the manufacturing process 
(Figure 6-17). FBG 2 and FBG 4 experience a high differential transverse residual 
strain which can be observed in the spectrum because of a negative Bragg peak 
separation. For FBG 2, the Bragg peak of both polarization modes of the fibre are 
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almost joined in a single peak. The spectrum of FBG 1 (capillary) shifted 
homogeneously to higher wavelengths, which indicates that the capillary is well 
sealed. 
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Figure 6-17: Spectra of the bow-tie FBGs before and after embedding. 
 
To compare the sensor responses, the orientation of the FBGs that survived the 
process, needs to be known. The manufacturing process (high pressure) can have 
changed the orientation of the FBGs. In Figure 6-18, we observe that the fast axis of 
FBG 2 makes an angle of 24 degrees with the vertical axis, and the fast axis of 
FBG 5 an angle of 50 degrees. The totally different orientation makes it impossible 
to directly compare the wavelength shifts of both sensors. The results are discussed 
in the following section. 
 
 
Figure 6-18: Orientations of FBG 2 and FBG 5 of the T-joint structure. 
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Another important fact if one wants to compare the wavelength shifts of both 
sensors (and the FBG in the capillary), is the embedding depth of the sensors 
(Table 6-1). 
 
Table 6-1: Embedding depth of FBG 1, FBG 2 and FBG 5 in the T-joint structure with 
respect to the bottom of the flange. 
FBG 1 FBG 2 FBG 5
586 µm 670 µm 640 µm 
 
The embedding depth of FBG 1 differs a lot from the other FBGs since it has been 
embedded in the 0 deg plies, while the other two have been embedded in the 90 deg 
plies. In order to compare the results of the FBG sensors, the embedding depth of 
the sensors will be taken into account. 
6. 2. 3.  Test method and results 
6. 2. 3. a.  FBG interrogation test set-up 
In Figure 6-19, the used interrogation test set-up is depicted. Every FBG needs to be 
exposed to the same depolarized light source. Therefore, the light of the source is 
first sent to a 2x2 coupler which splits the amount of light in two. The first part goes 
to a circulator and then to FBG 1. This circulator is necessary to block the 
unpolarized light sent by the FBG interrogator. The second part of the light first 
goes to a circulator for the same reason as above, and is then split up in two, to 
equally expose FBG 2 and FBG 5. 
 
ASE
FBG 
interrogator
Coupler
2x2
Circulator
four point bending
Pull-off
Pc
Coupler
2x2
 
Figure 6-19: The interrogation set-up used during the experiments on the T-joint. 
 
During the experiments (four point bending and pull-off), the wavelength 
measurements can be combined with load and displacement measurements (LVDT), 
and external reference strain gauges. 
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6. 2. 3. b.  Four point bending experiment 
Test set-up 
The scale model of the T-joint structure was first exposed to a four point bending 
experiment as depicted in Figure 6-20. As shown in the FE-simulations 
(Figure 6-13), this experiment creates a constant strain field in the plateau of the 
structure. 
 
Figure 6-20: The four point bending set-up, designed to test structural elements up to 
150 mm in width. 
Test results 
The wavelength shift due to four point bending of the T-joint structure is depicted in 
Figure 6-21 and Figure 6-22. At the beginning of the experiment, the wavelength 
shifts for FBG 2 and FBG 5 are non-linear because only one roll of the load span 
touches the structure. Thus, the structure will first be loaded according to a three 
point bending set-up. It should be mentioned that at a certain load, large inelastic 
deformations were induced and cracking was initiated in the sample. This was 
clearly audible during the experiment.  
Due to the high pressure (times 2) during the curing cycle, the T-joint had no 
homogeneous geometry. This makes it difficult to compare the wavelength shift of 
FBG 1 (which is, as discussed before, covered with a capillary), with the simulated 
reference longitudinal strain. However, by taking the embedding depth of the 
capillary into account, good agreement should be found. In Figure 6-22, a detail of 
the resulting wavelength shifts of FBG 2 and FBG 5 is shown. Both sensors have an 
opposite effect compared to the mean shift of the four wavelengths. This opposite 
effect can be explained by the different orientation and the different embedding 
depths of both sensors. It should be noted that the longitudinal strain acts as an in-
plane transverse strain onto the optical fibre, which causes the opposite shift. 
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Figure 6-21: Results of the four point bending test with wavelength shifts of FBG 1, 
FBG 2 and FBG 5. 
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Figure 6-22: Detail of the results of the four point bending test for FBG 2 and FBG 5 
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6. 2. 3. c.  Pull-off experiment 
With respect to aircraft construction, pull-off refers to the tendency of joints 
between wing skins and spars to separate under aggressive loading conditions. An 
example of such a loading condition would be the fuel pressure loading on the 
internal surface of a wing skin when the aircraft experiences a rapid rolling 
manoeuvre [17]. 
Test set-up 
In Figure 6-23, the test set-up for the pull-off of the web from the flange of a T-joint 
structure, is depicted. The web is clamped and pulled while the flange is at a fixed 
position in vertical direction. 
 
 
Figure 6-23: The pull-off test set-up available at Ghent University 
Test results 
The results of the experiments are depicted in Figure 6-24. It should be noted that 
the most interesting FBG, the one in the bend of the web, broke during 
manufacturing. During the pull-off load, the T-joint is more or less loaded according 
to a three point bending. Due to a possible movement of the FBGs, and the large 
(inelastic) deformations of the four point bending with the initiation of damage, it is 
difficult to compare the wavelength shifts of the individual sensors. 
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Figure 6-24: Wavelength shifts of FBG 1, FBG 2 and FBG5 during pull-off. 
6. 2. 4.  Conclusions 
In this section, a representative scale model of a T-joint structure was manufactured 
with embedded sensors in several plies of the structure. FE-simulations showed the 
possible interesting positions of the sensors when the structure is loaded in four 
point bending. However, due to a malfunctioning of the inlet pressure valve, too 
much pressure was applied on top of the structure, leading to an inhomogeneous 
geometry of the structure. Wavelength shift and decreased Bragg peak separation 
was observed for several of the FBGs which survived the production process. In 
order to compare the results of the different tests better, the orientation and 
embedding depth of the FBGs were measured in a post mortem analysis. The FBGs 
in the plateau of the flange showed a different orientation and had, as such, also a 
different response for both loading conditions. During the four point bending 
experiment, the T-joint was subjected to large inelastic deformations which resulted 
in non-linear wavelength shifts during the experiment. Damage was initiated in the 
material, which was clearly audible during the experiment. The pull-off experiment 
was more difficult to compare since a movement of the sensor occurred during 
manufacturing. It could only be stated that the results were plausible. 
If the fibre would be oriented correctly in the structure, the procedure as mentioned 
in Chapter 5 could be used to determine the strains in the structure. At first, the 
strain at the core of the optical fibre sensor should be calculated. Then, these strains 
of the core should be transformed into the strains of the structure by multiplying 
them with the inverse of the optimized TC-matrix for this particular lay-up. Since 
the T-joint is only a shell element, the fibre embedding should happen in a very 
precise manner. Otherwise, large fluctuations are to be expected on the measured 
strain values. 
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6. 3.  STRAIN AND TEMPERATURE SENSITIVITY OF MICRO-
STRUCTURED OPTICAL FIBRES VERSUS THOSE OF BOW-TIE FIBRES 
6. 3. 1.  Introduction 
To monitor the structural health of composite materials, it is necessary to map all 
strain components inside the material. The former chapters of this dissertation 
proved the working principle of an embedded multi-axial strain sensor consisting of 
two FBGs written in a bow-tie birefringent fibre. This MAxS-sensor is well-suited 
for this task, because of its distinguishing response to axial and transverse strain 
components. However, the sensor has a couple of drawbacks for which the author, 
together with researchers from the VUB-TONA, is searching a solution. One is 
replacing the bow-tie fibre by a dedicated micro-structured optical fibre (MSF). 
Therefore, the MSF sensor should have similar strain response as a bow-tie fibre. 
In this section, the response to mechanical and thermal loading of embedded FBGs 
written in three different fibre technologies is compared: draw tower fibre Bragg 
gratings (DTG FBG), micro-structured optical fibre Bragg gratings (MSF FBG) and 
fibre Bragg gratings in bow-tie fibre (bow-tie FBG). First, we introduce the MSF 
technology more in detail, for the other technologies the author refers to section 2. 3 
of this work, in which the different fibre technologies and their FBG reflection 
spectra are shown. Afterwards, we explain how the fibres are embedded into a 
thermosetting composite. Finally, the monitored shift in Bragg peak wavelengths of 
the different FBGs for various controlled loading conditions is discussed. 
6. 3. 2.  Micro-structured optical fibres 
Micro-structured optical fibre configuration 
The optical fibre sensors used during the first 5 chapters of this book always relied 
on conventional glass optical fibres (either birefringent or not) consisting of a solid 
glass core, surrounded by a solid glass cladding material. MSFs consist of a solid 
glass core too, but their cladding is formed by a periodic lattice of air holes that run 
along the length of the fibre and that allow confining and guiding light in and 
through the fibre. The defect in the centre of the lattice then serves as fibre core 
(Figure 6-25). 
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Figure 6-25: Illustration of an MSF with d = hole diameter and Λ = pitch. The FBG in 
the core of the MSF is also shown [19]. 
 
Adapting the particular features of the micro-structure, such as the air filling fraction 
and the lattice period, allows obtaining optical fibres with very particular properties 
in terms of dispersion, mode-field confinement, endlessly single-mode behaviour, 
birefringence etc. The optical and mechanical properties of MSFs can also be 
controlled by changing the size, shape and location of the air holes. Hence, MSFs 
bring along unprecedented design flexibility and unique sensing features, including 
the possibility to achieve very high birefringence levels and to operate in a 
temperature-insensitive way [20-22]. The birefringence levels can be of the order of 
several 10-3 and therefore, one order of magnitude higher than conventional highly 
birefringent fibres. The polarimetric response to temperature in standard non-
embedded highly birefringent fibres is associated mostly with residual thermal stress 
induced by different thermal expansion coefficients in the fibre core and the 
cladding (Chapter 2). The thermal response of MSFs is related to the temperature 
induced variation of the refractive index (thermo-optic effect) of the glass and of the 
air filling the holes, and also to the thermal expansion of the fibre. The contribution 
of these effects to the overall temperature sensitivity depends on the guiding 
mechanism, fibre geometry, wavelength, and material used to manufacture the fibre. 
The effect of temperature on index guiding MSF has been numerically analyzed for 
a number of MSF structures [23]. 
The microstructure of the MSF used in this work consists of three rows of air holes 
and a central Germanium-doped core, as depicted in Figure 6-26. The diameter of 
the MSF is 125 µm, the Germanium-doped core is circular and the lattice constant of 
the microstructure was measured to be 3.9 µm. The phase modal birefringence in 
this MSF was measured to be about 8 10-4 at 1550 nm as a result of the asymmetric 
shape of the microstructure [24]. 
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Detail of the micro-structure
Slow 
Fast
Core
 
Figure 6-26: Configuration of the MSF with a detail of the microstructure as inset. The 
orientation of the fast and slow axis is depicted. 
FBGs written in an MSF 
The fabrication of FBGs in micro-structured fibres is not always straightforward, 
because the numerous air-silica interfaces can compromise the ability to form an 
interference pattern in the core with transverse laser inscription beams. Nevertheless, 
the compatibility of this particular type of micro-structured fibres with conventional 
UV FBG inscription set-ups has been described in [25, 26]. 
As discussed in section 2.3, the MSF is birefringent. When unpolarized light is 
launched into the MSF, it yields a Bragg peak for each of the two orthogonally 
polarized modes, that propagate in the fibre. The peak separation is related to the 
phase modal birefringence B by 
,
,
2
2
2
2
B fast eff
B slow eff
Bn
Bn
λ
λ
⎛ ⎞= − Λ⎜ ⎟⎝ ⎠
⎛ ⎞= + Λ⎜ ⎟⎝ ⎠
   6-1 
These FBGs will encode birefringence and therefore strain information into the 
wavelength of the Bragg resonance peaks. These peaks are very well separated and 
can be straightforwardly identified because of large birefringence. Since the fibre 
birefringence can be made insensitive to temperature, the spectral distance between 
both Bragg peaks will remain constant during temperature changes and will only 
change with applied strain. This leads to the sensing principle illustrated in 
Figure 6-27 [27]. 
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Figure 6-27: Sensing principle of an FBG inscribed in highly birefringent MSF [27]. 
 
Owing to the temperature insensitivity, the sensors will not require temperature 
correction mechanisms. This is in contrast to conventional optical strain sensors, 
which require compensation schemes for temperature cross-sensitivity. First 
measurements by Geernaert et al. [26] revealed that the differential temperature 
sensitivity ∆λ/λ (temperature) can be around 0.25 %, which is at least one order of 
magnitude lower than in conventional birefringent fibres. So far, only a few papers 
have been published which examine the possibility of applications of MSFs as 
hydrostatic pressure, strain or bend sensors. These works concentrate rather on 
investigations of the fibre sensing characteristics than on the modelling and on the 
design of sensor structures [28, 29]. 
In microstructured optical fibres, the air holes in the cladding can have a significant 
influence on the Bragg peak wavelength shifts, and the centre of strain 
approximation [30] is not necessarily valid. In general, when an external load is 
applied, a distribution of strain will exist in the core region of the MSF, which is not 
always accurately represented by the strain in the centre of the core. In order to 
rigorously assess the change of the effective refractive indices by strain distributions 
in an MSF, a 3-dimensional simulation of the fibre needs to be considered in which 
both the mechanical loading and the optical wave equations can be solved. Such 
simulations demand a high computing capacity, especially when embedded fibres 
are considered, and rely on an accurate knowledge of all the relevant optical and 
mechanical material parameters of the fibre. Instead of such a theoretical approach, 
we have chosen to compare the 3 FBG technologies experimentally and embedded 
them in composite test samples. 
Calibration of FBGS written in MSF 
Axial strain sensitivities for FBGs in various micro-structured fibres have already 
been reported [31, 32] and the transverse strain sensitivity for the MSF used in this 
paper was investigated in [24]. The transverse line load sensitivity for an FBG in 
this MSF was characterized experimentally up to a transverse load of 3 N/mm 
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(Figure 6-28) between two parallel plates in a test bench for the calibration of 
FBG-sensors (a modified set-up of Fernandez et al. [33] was used for this 
calibration, see Section 2. 4. 1. b.). The FBG spectra were measured with an 
amplified spontaneous emission (ASE) source, a circulator, and an optical spectrum 
analyzer (OSA). The Bragg peak wavelengths were detected with the built-in peak 
detection of the OSA. Reasonable agreement with the outcome of the FEM 
simulations was observed(Figure 2-21). Nevertheless, the possibility of controlling 
the applied load and its uniformity over the length of the FBG was limited.  
 
 
Figure 6-28: Transverse line load sensitivity for the Bragg peak separation of an FBG in 
a bare MSF versus MSF orientation. Zero degrees corresponds to a vertical load parallel 
to the slow axis of the MSF. 
6. 3. 3.  MSF and bow-tie fibre technology embedded in carbon epoxy 
samples 
6. 3. 3. a.  Optical fibre technologies 
The first type of Bragg grating is written in an 80 µm birefringent bow-tie fibre 
(bow-tie FBG) from Fibercore inc.. As discussed in section 2. 3., the birefringence 
in this fibre is induced by stress applying parts (SAPs) of boron-doped silica present 
in the fibre cladding (Figure 6-29, (A)). The temperature expansion coefficient of 
these 10 mol% boron-doped parts differs significantly from the temperature 
expansion coefficient of the fibre core and cladding. This results in temperature 
induced stresses during the cooling down of the fibre, which induces material 
birefringence in and around the core. At 1550 nm, the phase modal birefringence in 
this bow-tie fibre is 3 10-4. 
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Fast
Slow 
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Figure 6-29: Overview of the different fibre technologies used in this section. For the 
birefringent fibres, the orientation of the slow and fast axis is shown. 
 
The second grating type is an FBG written in the 125 µm micro-structured optical 
fibre (MSF FBG) as discussed in the previous paragraphs. 
Finally, the response of these technologies is compared with a reference high 
strength draw tower grating (provided by FBGs Technologies in Jena, Germany). 
An 80 µm draw tower fibre Bragg grating (DTG) technology has been used 
(Figure 6-29, (C)). Without going into detail, a DTG is written directly during the 
drawing process of the optical fibre, using one single laser pulse with a special FBG 
inscription set-up which is mounted onto the fibre draw tower. The FBG is inscribed 
in the fibre core before any primary coating material is applied. This avoids 
stripping of the coating to inscribe the FBG, which results in fibre optic sensors with 
very high tensile strength [34]. We used a single-mode fibre with a highly 
Germanium doped core (approx. 18 mol %) with a diameter of 6 µm and an 80 µm 
cladding. The coating material is a special ORMOCER® (Organic Modified 
Ceramic) that features excellent adhesion with both the fibre glass and the composite 
material. The total diameter of the coated fibre is approximately 120 µm. 
6. 3. 3. b.  Carbon fibre reinforced plastic sample preparation 
Manufacturing and sensor placement 
The three fibre types of Bragg sensors have been embedded in a carbon fibre epoxy 
laminate (M55J/M18 material from Hexcel inc.), fabricated using the autoclave 
technology. The composite sample had a [0]16 lay-up with a total thickness of 
1.54 mm. The optical fibres were embedded between the 2nd and the 3rd layer of a 
total of 16 layers (thickness: 0.1 mm/layer) (see Figure 6-30). The dimensions and 
positions of the fibres are depicted in Figure 6-31. All FBGs had a length of 8 mm. 
The slow axis of the MSF and the bow-tie fibre were both oriented parallel with the 
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surface of the composite panel (axis y). This orientation was established during a 
qualitative calibration procedure of each sensor as discussed in Section 4. 2. 2. d.  
 
Figure 6-30: Left: lay-up of the samples, embedding the sensors between layer 2 and 3. 
Right: the samples fabricated by the autoclave technology before cutting. 
 
SMF
MOF
Bow‐tie
10 mm
250 mm
40 mm
d= 1.54 mm
Position of cross section  
Figure 6-31: Position of the different types of fibres/FBGs along the width of the sample, 
with a distance of 10 mm in between the different fibres 
 
Post fabrication sample evaluation 
The reflection spectra of the bow-tie and MSF FBG after and before embedment, 
can be found in Figure 6-32 and Figure 6-33. 
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Figure 6-32: Spectra of the embedded bow-tie FBG. 
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x
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Figure 6-33: Spectra of the embedded MSF. 
 
All spectra in Figure 6-32 and Figure 6-33, indicate no distortion of the Bragg peaks. 
After all experiments had been finished, the orientation and the embedding depth of 
all the optical fibres were determined at the FBG location. Figure 6-34 shows the 
microscopic images of the embedded micro-structured fibre technology. No 
distortion (e.g. resin eye) of the host material can be observed. It is clear that the 
optical fibres are homogeneously surrounded by reinforcement fibres. Scratches on 
the pictures are due to the polishing process and do not stem from any induced 
damage in the composite material. Similar results were found for the bow-tie fibre 
and for the reference draw tower fibre. 
 
 
Figure 6-34: Microscopic images of the cross section of the first sample at the FBG 
location, showing the depth and orientation of the embedded MSF in sample 1 at the 
position of FBG 1. 
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In Table 6-2 and Table 6-3, the embedding depths and the orientations of the slow 
axes with respect to the sample’s (x, y)-plane are noted. The embedding depth was 
measured as the distance between the bottom surface of the sample to the core of the 
optical fibre. A difference in embedding depth can be noticed for the bow-tie FBG 
and the MSF FBG in both samples. On the one hand, this is caused by the size 
differences between both optical fibres (80-125 µm), and on the other hand by the 
size difference of the optical fibres compared to the reinforcement fibres (3-5 µm) of 
the composite laminate. As such, when placing the fibre sensors during lay-up, there 
is a tendency to press the smallest fibre deeper into the reinforcement fibres. The 
orientation of bow-tie and micro-structured fibre is almost the same for the first 
sample, but differ a lot for the second sample 2 (the bow-tie FBG was accidentally 
oriented according to the fast axis). This was taken into account when analyzing the 
results of the transverse load test. 
 
Table 6-2: Embedding depth of the optical fibres. 
 
Reference DTG 
[µm] 
bow-tie FBG 
[µm] 
MSF FBG 
[µm] 
Sample 1 182 150 214 
Sample 2 228 161 240 
 
Table 6-3: Orientation of the optical fibres 
 
bow-tie FBG 
[deg] 
MSF FBG 
[deg] 
 Sample 1 13 15 
Sample 2 60  12 
 
Since no deformed Bragg peaks (Figure 6-32 and Figure 6-33) and no local 
distortion of the composite sample (Figure 6-34) was observed, we can state that the 
embedding of the fibres was conducted successfully. 
6. 3. 3. c.  The response of the embedded FBGs under various loading 
conditions  
Similar tests, as described in Chapter 5, were used to compare the response of the 
different sensors. Three different loading conditions were used: a bending test, a 
transverse load test, and a thermal test. Since different fibre technologies were 
embedded in the same sample, the width of the sample (40 mm) became too large to 
perform a reliable standard tensile test. Therefore, a four point bending test was 
chosen instead. Moreover, this test is representative for an actual load condition of a 
structural component such as an airplane wing. The transverse load test allows 
comparing the transverse sensitivities of the different sensor technologies. Finally, 
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the composite panel has been thermally cycled to assess the differences in cross-
sensitivity to temperature. In all experiments, the repetition rate of the grating 
measurements was much higher than the time scale of the loading. As a result, all 
measurements are considered to be static. 
For the mechanical loading experiments, the applied load was measured via an 
electrical load cell. The FBG spectra and Bragg peak wavelengths were measured 
with an ASE-source (Amplified Spontaneous Emission, non-flattened) and a 
commercial FBG interrogator with a resolution of 1 pm. The embedded fibres were 
spliced to fibre pigtails. (Figure 6-35) 
 
 
Figure 6-35: The interrogation set-up. The FBG spectra and the Bragg peak 
wavelengths are detected with a commercial FBG interrogator 
 
6. 3. 3. d.  Four point bending test 
The maximum stress can be found at the outer surface of the sample. For ease of 
comparison, the embedding depth has been considered already in Figure 6-36. The 
curves show similar slopes for both sensors. The MSFs have the same orientation in 
both samples (Table 6-3) and show equal sensitivities during bending (fitted values 
in Table 6-4). The orientation of the bow-tie gratings, however, is different. The 
sensitivity of the less favourably oriented bow-tie in sample 2 is ~10% lower than in 
the first sample. Where both bow-tie and micro-structured fibre almost have the 
same orientation in sample 1, the sensitivity is slightly different (~8%).  
 
Table 6-4: FBG sensitivities versus axial bending strain of the composite material 
 Sample 1 
[pm/µε] 
Sample 2 
[pm/µε] 
Bow-tie slow axis 1.115 0.998 
Bow-tie fast axis 1.103 0.996 
MSF slow axis 1.020 1.029 
MSF fast axis 1.011 1.023 
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Figure 6-36: Wavelength shifts measured during the four point bending test for the 
different embedded FBGs vs. the strain measured by the reference DTG for Sample 1. 
6. 3. 3. e.  Transverse pressure test 
In this test, metal blocks were fixed to the surfaces of the test samples and pressed 
between two polished metal plates of a universal testing machine (as discussed in 
Section 5. 5.). A rubber slice was put between the metal plates and the metal 
pressure blocks to improve the homogeneity of the transverse pressure over the 
surface of the composite sample. 
The transverse strain response of the two grating types shows moderate differences 
(Figure 6-37). The transverse strain is derived from the applied transverse load and 
the material’s transverse Young modulus of 6.3 GPa (Table 2-). 
 
Table 6-5: FBG sensitivities versus transverse strain of the composite material 
 Sample 1 
[pm/µε] 
Sample 2 
[pm/µε] 
Bow-tie slow axis 0.089 0.061 
Bow-tie fast axis 0.068 0.052 
MSF slow axis 0.058 0.047 
MSF fast axis 0.043 0.036 
Bow-tie peak separation -0.022 -0.010 
MSF peak separation -0.014 -0.010 
 
The transverse sensitivities of the FBG in the bow-tie fibre are slightly higher. This 
difference can be partly attributed to the smaller cladding diameter of the bow-tie 
fibre. For the Bragg peak separation, the sensitivities of the MSF FBG and the bow-
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tie FBG are in reasonable agreement (Figure 6-37). The current differences between 
the MSF FBG and the bow-tie FBG can be related to the different orientation of the 
polarization axes at the FBG location. 
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Figure 6-37: Change of the peak separation vs. transversely applied strain in the FBG 
for the MSF and bow-tie fibres in sample 1. 
 
6. 3. 3. f.  Temperature test 
When the temperature change T∆ is considered zero, Equation 2-11 can be adapted 
in such a way that the normalized peak separation can be seen as a measure for the 
transverse strain difference. 
, , 2
12 11
,0
1 ( )( )
2
B fast B slow
eff fast slow
B
n p p
λ λ ε ελ
∆ − ∆ = − −
 
6-2 
This difference in transverse strain leads to strain-induced phase modal 
birefringence in the fibre core, which leads to a Bragg peak separation. However, 
whenever temperature is not constant, this measurement is compromised. Since the 
phase modal birefringence in both fibres has a different origin, the thermal 
behaviour of the Bragg peak wavelength separation is also different. The stress-
induced material birefringence in a Bow-tie fibre is inherently temperature 
dependent, whereas the geometrical birefringence in the MSF is far less temperature 
sensitive and can even be zero at a given wavelength [23]. 
To evaluate the possibility of such a sensor, one of the samples was heated in an 
oven up to 120°C and then slowly cooled down.  During this cooling phase, the 
Bragg peak wavelength separation for the MSF FBGs and the bow-tie FBGs were 
monitored (Figure 6-38).  
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Figure 6-38: Change of the Bragg peak separation in the FBG in the MSF and Bow-tie 
vs. temperature. 
 
Figure 6-38 shows that the linear change of the Bragg peak separation due to 
temperature is much smaller in the micro-structured fibre (0.026 pm/°C) than in the 
Bow-tie fibre (-0.42 pm/°C). 
Therefore, it can be stated that the Bragg peak separation in a highly birefringent 
micro-structured fibre can provide a temperature independent measurement of 
transverse strain in the composite material. 
6. 3. 4.  Conclusion 
The response of FBGs written in conventional birefringent fibre and in highly 
birefringent micro-structured optical fibre embedded in a composite material, was 
compared. 
First, the embedding procedure was evaluated and evidenced that it is possible to 
embed the different fibre technologies into fibre reinforced thermosetting 
composites without distorting the material significantly. No resin rich areas were 
created in the samples, and the optical fibres were homogeneously surrounded by 
the reinforcement fibres.  
Then, the mechanical axial bending strain sensitivities of the fibres’ Bragg 
wavelengths were determined and were found to be slightly different for the micro-
structured fibre and the Bow-tie fibre (approx. 8%). The micro-structured fibre 
reported here was not optimized yet to feature high sensitivities to axial or 
transverse strain, but has nevertheless already similar sensitivities as conventional 
birefringent fibres. 
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Thirdly, the response to temperature changes show important differences (Bow-tie 
FBG: -0.42 pm/°C, MSF FBG: 0.026 pm/°C), which is well known to stem from the 
different origin of the birefringence in the different fibre types. The MSF FBG can 
be tuned to operate almost independently of temperature. 
Thus, it was evidenced that micro-structured fibres can be applied for structural 
integrity monitoring purposes in composite materials. The design flexibility of 
micro-structured fibres can now be exploited to obtain fibres containing Bragg 
grating sensors which are sensitive to single or to multiple stress components, while 
being almost insensitive to temperature. For example, a pre-defined TC-matrix 
(Chapter 4 and 5) can be the start point of designing a micro-structured fibre with 
Bragg grating to conduct in-situ high resolution strain field mapping inside 
composite structures. 
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6. 4.  DYNAMIC TESTING 
Up to this point, this work only contains quasi-static experiments, which is sufficient 
in terms of calibrating and proving the feasibility of a multi-axial strain sensor. 
However, for real time structural monitoring of e.g. spacecraft structural elements, 
one has to switch to dynamic measurements. Therefore, a dynamic interrogator 
system has been designed by XenIC’s during the MASSFOS-project. The schematic 
representation of this interrogator is shown in Figure 6-39. It consists of two 
spectrometers with a 512 pixel array, one for each polarization mode. The light is 
generated by a depolarized SLED and travels towards the sensor on which it 
diffracts; part of the light is back-reflected towards the interrogator. The system has 
a wavelength range of 70 nm (from 1515 to 1585 nm) and the wavelength resolution 
is ~5pm. It should be noted that for this system, every part should have the 
polarization maintaining label. 
 
 
Figure 6-39: Design of the dynamic interrogator 
 
Several preliminary experiments have been executed and some of these are 
discussed in the following paragraphs. Figure 6-40 and Figure 6-41 respectively, 
show recorded Bragg spectra for the ‘512 pixel array’ system and the commercial 
interrogation system (FBG scan 607) used throughout this work. For the MASSFOS 
interrogator, the Bragg spectrum is represented by a limited number of measurement 
points. Using the best possible settings of this interrogator, a difference in Bragg 
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peak separation of about 40pm till 50pm is obtained, compared to the FBG scan 
unit.  
To overcome this problem, a 1024 array is presently being built by XenIC’s. 
 
Spectrum S13A1 (MASSFOS unit)
0
10000
20000
30000
40000
50000
60000
1535 1537 1539 1541 1543 1545 1547 1549 1551 1553 1555 1557 1559
Wavelength [nm]
A
/D
 c
ou
nt
s
Slow
Fast
 
Figure 6-40: Spectrum measured with the MASSFOS unit (512 pixel array) 
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Figure 6-41: Spectrum measured with the FBG-Scan unit from FOS&S. 
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Due to the poor resolution, the emphasis of these experiments is mainly put on the 
possibility of measuring high frequency signals and less on quantitatively 
determining the different strain components. 
6. 4. 1.  Resonance search track and dwell 
The experiments, discussed in this section, were carried out on a [02,902]6s and 
[±452,02,902]s sample with embedded MAxS-sensor clamped at one side in a shaker 
set-up. The shaker set-up from Ling Dynamic Systems (LDS V406/8 PA 100E, see 
Figure 6-42) has a frequency range of 5 to 9000Hz and a maximum acceleration sine 
peak of 100g. The applied load is a so-called ‘resonance search track and dwell’ 
(RSTD) from 5Hz till 2000Hz. The actuator acceleration was held constant at 1g. 
Fast Fourier Transformation (FFT) is performed on data obtained from the MAXs 
sensors at these high loading frequencies. The highest traceable eigenfrequency 
beneath 2kHz of both (thin and thick) samples was approximately 1.4kHz.  
 
 
Figure 6-42: Set-up of the high dynamic tests with the composite test sample clamped at 
one side (left). Detail of the miniature dynamic accelerometer (right). 
 
As reference measurement, a miniature accelerometer is positioned at a distance of 
10 cm from the clamp, on top of the composite sample (Figure 6-42, left). The 
acceleration was registered together with the wavelength data (measured with the 
MASSFOS unit). Figure 6-43 shows the signals measured with the accelerometer on 
top of the [02,902]6s sample, and the MAxS sensor embedded in the sample. The 
sampling rate of the MASSFOS unit was set at approximately 10kHz (i.e. maximum 
sampling frequency). For each measurement, i.e wavelength shifts, and acceleration, 
the frequency of the signals was derived by executing an FFT. 
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Figure 6-43: Example of the raw signal of the MAxS-sensor (right) and the 
accelerometer (left) for a sample with lay-up  [02,902]6s and the accelerometer positioned 
at 10 cm from the clamp.  
 
Table 6-6: Summary of eigenfrequencies determined with an accelerometer and with the 
MAXs sensor for the [02,902]6s sample 
Distance accelerometer 10 cm 
Freq. Accelerometer [Hz]   57 174 306 1306 
Freq. MAxS sensor [Hz] 57 174 305 1305 
 
As shown in Table 6-6, the frequencies, calculated based on the MAxS-sensor’s 
wavelength data and the accelerometer data, match very well. A very small 
difference can be seen for the higher frequencies, since these vibrations have a rather 
low amplitude which leads to small wavelength shifts.  
Similar results were obtained for the second sample. The MAxS sensor can be used 
to measure (maximum) eigenfrequencies in the order of magnitude of 1.4 kHz. 
6. 4. 2.  Shock loading response 
Using the same experimental set-up, a shock load has been applied on the composite 
samples. The structural response of a [±452,02,902]s sample during a 15g shock 
loading has been examined with the MASSFOS unit. The response is clear and 
shows that when monitoring at 10 kHz, it is possible to reproduce the same signal as 
measured with the accelerometer (Figure 6-44). In addition, the MAxS-sensor is 
able to reproduce the strains induced during such a test. During this shock response 
an axial strain of approximately ±110 µε appeared. 
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Figure 6-44: Example of the response to a shock of 15g for a [±452,02,902]s sample with 
the accelerometer positioned at 7.5 cm from the clamp. 
 
6. 4. 3.  Conclusions 
For real time structural monitoring one has to switch to dynamic measurements. 
This section did not had the intention to give an thorough overview of existing 
dynamic interrogators. However, a dynamic interrogator system has been designed 
during the MASSFOS-project with which several preliminary experiments were 
conducted. The system has a wavelength range of 70 nm (from 1515 to 1585 nm), a 
wavelength resolution of ~5pm, and a Bragg spectrum which is represented by a 
limited number of measurement points. The last two properties are the limited 
factors in terms of strain resolving power, especially for the transverse strain 
components. During the writing of this dissertation, both properties were improved 
by the use of a 1024 pixel array instead of the present 512 pixel array. 
The scope of the experiments was put on frequency measurements during a ‘search 
track and dwell’ procedure for determining the eigenfrequencies of a composite 
sample with embedded MAxS-sensor. Similarities between the frequency 
measurement of the MAxS-sensor and the externally mounted accelerometer could 
be found for all eigenfrequencies up to 2 kHz. During a shock loading response the 
measured signal is more complicated, though, the same frequency content was found 
in the signal of the accelerometer and the MAxS-sensor. 
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Chapter 7 : CONCLUSIONS AND RESEARCH PERSPECTIVES 
7. 1.  OVERVIEW OF THE WORK 
The optical fibre Bragg grating sensor can be considered as the optical counterpart 
of electrical resistance strain gauges. A lot of advantages favour the use of this 
optical alternative. Therefore, optical fibre Bragg grating sensors have found wide 
acceptance as reference strain measurements in research applications, and for 
monitoring of all kind of structures. A standardized method to mount this type of 
sensor on top of structures is already available on the market. 
There are numerous publications addressing the use of FBGs for strain monitoring in 
a direct or indirect way (with transduction mechanism). Most of these publications 
consider the FBG sensor as a uni-axial sensor. This approach is justified for surface 
mounted sensors; however, it is not applicable for embedded sensors. Embedded 
sensors have the advantage of being integrated in the structure at the region of 
interest (smart materials), and of being protected from external influences by the 
structure. These advantages explain the high interest of several research groups 
worldwide towards embedded sensors. 
Notwithstanding the advantages of embedded sensors, a lot of difficulties remain. 
For example, the impact of the sensor on the host material in terms of strain field 
disturbance and host material distortion needs to be considered profoundly. A uni-
axial sensor does not give sufficient insight in the size and type of impact on the host 
material. A multi-axial strain sensor can possibly help to investigate and explain 
these effects. 
In this work, all aspects of non-embedded as well as embedded optical fibre Bragg 
gratings were considered.  It is the first time that bow-tie FBGs are considered in 
depth. 
• Calibration procedures from literature were critically evaluated and 
optimized based on analytical formulations (e.g. rotation of the optical and 
mechanical eigenaxes).  
• By diametrical loading of the fibre and relating the induced strain with the 
resulting wavelength shift, the strain optic coefficients of a LoBi fibre were 
determined. 
• After a critical review of multi-axial strain sensors discussed in literature, a 
novel design of a multi-axial strain sensor was proposed, using two FBGs 
at different wavelengths. One of the FBGs was covered with a capillary to 
isolate it from transversal stress. The resolution of this sensor met the 
requirements of the aircraft and spacecraft industry. 
• It was clearly demonstrated theoretically and experimentally that the strain 
field present inside the composite material and this inside the embedded 
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optical fibre sensor are different. The relation between both strain fields is 
determined by a strain transfer coefficient matrix (TC-matrix). 
• The theoretical influence of several mechanical properties of the composite 
material and the type of optical fibre sensor with Bragg grating on the 
TC-matrix was considered. An experimentally optimized  matrix was 
proposed. 
• An extended test program confirmed the feasibility of using the strain 
transfer coefficient matrix to relate the strain field in the core of the optical 
fibre Bragg grating with that present in the composite material. 
 
An overview of the different chapters in this book and main realisations and 
conclusions is given below. 
7. 1. 1.  Advanced strain sensing using optical fibre Bragg gratings 
The spectral response of an FBG exposed to a multi-axial strain field was 
theoretically determined using the photo-elastic effect. The photo-elastic effect 
describes the changes in optical properties (refractive index) of a transparent 
dielectric when it is subjected to mechanical strain. For low birefringent fibres with 
Bragg grating, axial strain and thermal loading cause the Bragg spectrum to 
homogenously shift to higher wavelengths, transverse strains cause a broadening of 
the Bragg spectrum which will eventually split in two separate Bragg peaks. Thus, 
the optical fibre is becoming highly birefringent. The same effects were also 
observed for fibres which are already highly birefringent. However, these FBGs 
already have a spectrum with two separate peaks in the unloaded condition. 
Transverse strain components will cause a change in separation distance of both 
peaks. In both cases, the change in spectrum contains information on the strain 
components present at the core of the optical fibre. 
To clearly understand the influence of each individual strain component on the 
refractive index of the optical fibre, and thus on the spectrum of the FBG, calibration 
was needed. 
In this work, the strain optic coefficients were experimentally determined. The 
design of the transverse calibration set-up was based on the difficulties and 
shortcomings of other set-ups found in literature. It was proven that this transverse 
strain calibration works fine for isotropic fibres with Bragg grating (the so-called 
uni-axial FBGs). The experimentally determined strain optic coefficients of the 
calibrated FBGs showed good similarities with literature. However, this method was 
not accurately enough for high birefringent fibres with Bragg grating, due to the 
unknown mechanical and optical properties of the SAPs. Several disadvantages and 
difficulties (rotation of the optical eigenaxes, load transfer,…) were discussed, 
together with a viable solution. 
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7. 1. 2.  Multi-axial strain sensor 
As discussed in chapter 2, a HiBi-fibre with Bragg grating enables the measurement 
of two Bragg-wavelengths and hence yields the potential of determining two strain 
components. However, to determine the three normal strain components in the 
direction of the main axes of the fibre, at least 2 sensors of this type are required. 
Two FBG sensors yield 4 measurable wavelengths, which theoretically allows the 
determination of the three strain components and a fourth parameter (e.g. the 
temperature). 
Internationally, a lot of research has been performed on trying to design such a 
sensor. However, no optimal solution was found in this matter and in most cases the 
resolving power of the embedded sensor was not even considered. In this work, 
the author has proposed and studied several sensor configurations consisting of two 
FBGs in a bow-tie fibre. Several configurations did not achieve the desired strain 
resolution or were not suitable for embedding purposes. In the final configuration 
(MAxS-sensor), the second grating has been isolated from transverse stress by 
placing it inside a capillary. The first grating remains sensitive to longitudinal stress 
as well as transverse stress. The theoretical strain resolution of this configuration 
was good and the composite distortion was kept as low as possible. This theoretical 
strain resolution was based on assumptions which were proven during an 
experimental and numerical (FEM) feasibility study. If the temperature sensitivity of 
both gratings is sufficiently different, it would be possible to use a MAxS-sensor 
without the need for external temperature compensation. 
7. 1. 3.  Embedded fibre Bragg grating sensors 
Embedding a fibre Bragg grating sensor in carbon fibre thermosetting composites 
seems quite straightforward. However, it involves some vital issues (embedding 
procedure, composite distortion, composite strain disturbance) which need to be 
considered. A lot of attention was paid to the development of a robust embedding 
procedure. In- and egress points of the optical fibre were reinforced with Kapton 
foil or Teflon tubing. This makes the fibres robust and lets them survive the harsh 
manufacturing and lab environment. It should be mentioned that these solutions are 
not very well suited for industrial application. The coating and size of an embedded 
optical fibre, together with the relative orientation of the sensor with respect to the 
reinforcement fibres, have an impact on the distortion of the surrounding composite 
material. It was shown that when a sensor is embedded parallel to the reinforcement 
fibres, no visible distortion of the composite could be observed and even the 
composite strength properties remained unaltered. 
Theoretically it is straightforward to design a multi-axial optical fibre strain sensor 
and determine the strain resolution of a non-embedded sensor. However, when 
embedded, the interaction of the sensor and its host material needs to be taken into 
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account. Because of the different mechanical properties of both materials (optical 
fibre and host material), the resolving power of the sensor will be significantly lower 
than its theoretical resolution. In this work it was proven both theoretically and 
experimentally that the strain measured with an embedded sensor is not necessarily 
the one present in the structure. This observation is pronounced when the material 
properties of the optical fibre and the host structure are significantly different. The 
specific strain transfer for an optical fibre embedded in a transversally loaded 
laminate was determined by using FE-simulations for several lay-ups and varying 
mechanical properties of the composite. This strain transfer method was validated by 
a transverse load experiment on a composite with a ‘well-known’ (in terms of 
mechanical properties) embedded uni-axial FBG sensor. However, for the multi-
axial FBGs, a difference was found between the theoretical and experimental strain 
transfer coefficient matrices because of the unknown properties of the stress 
applying parts of the HiBi-fibre. An experimental calibration led to an optimized 
strain transfer coefficient matrix. 
7. 1. 4.  Feasibility of the embedded MAxS-sensor 
The feasibility of the MAxS-sensor has been studied by means of an extensive 
experimental program. MAxS-sensors have been embedded in carbon reinforced 
epoxy samples during manual lamination. The carbon/epoxy samples were cured 
using an optimized autoclave curing cycle. 
The samples have been subjected to five different experiments: a transverse tension-
compression test, a tensile test, a four point bending test, a shear tensile test, and a 
thermal cycle test. Each test was designed to create a homogeneous strain field at the 
sensor location.  
The combined transverse tension-compression experiment proved that the 
response of an embedded FBG is opposite but equal in magnitude for tensile and 
compressive loading. The transverse compression experiments proved the 
feasibility of the MAxS-sensor to measure the through-the-thickness transverse 
strain components. The tensile test proved that the sensor is able to measure the 
longitudinal strain along with the transverse strain components, which are very small 
(tens of microstrain was shown to be the limit). The four point bending 
experiments highlighted several disadvantages and imperfections of the MAxS-
sensor. One example is the large influence of the axially measured strain in 
calculation of the transverse strain components. However, for most of the samples, 
the measured strains were in good correspondence with the reference strains when 
the sensor was loaded in tension. Pretensioning of the fibre in the capillary is needed 
when the sensor is to be used in compression. The shear tensile tests have proven 
that the gratings are almost insensitive to shear strain. 
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7. 2.  STRUCTURAL HEALTH MONITORING USING THE MAXS-
SENSOR 
 
Figure 7-1: Flow chart of the different steps necessary for structural health 
monitoring using an embedded optical fibre sensor. 
 
An overview of the different steps necessary to monitor the health of a structure is 
given in Figure 7-1. Supposing that several sensors are embedded at key locations in 
the structure, the depicted flow chart can be described as follows: (from left to 
right). When a structure is loaded, a certain strain field is created within. This 
(possibly disturbed) strain field exists near the embedded MAxS-sensor. Since the 
fibre is embedded, it will sense a strain in its core at the position of the grating 
which eventually leads to the shift of the four wavelengths of the MAxS-sensor. 
Starting from the measured wavelength shifts, the structural strain can be determined 
by applying the following steps (from right to left in Figure 7-1). The spectral 
response of the MAxS-sensor can be related to the strain at the core of the optical 
fibre by conducting a qualitative calibration for all strain components. This leads to 
the definition of the strain gauge matrix (K-matrix). Next, the strain at the core of 
the optical fibre can be related with the one in the structure close to the sensor, by 
defining a strain transfer matrix (TC-matrix). If the mechanical material properties 
of the structure and the sensor are known within reasonable precision, 
FE-simulations are the solution in determining this matrix. However, an optimized 
matrix can be defined by testing the embedded MAxS-sensor for small specimens 
under controlled loading conditions. Finally, if several of these MAxS-sensors are 
embedded, the total strain field in a structural element can be remodelled. FE-
simulations can again play a key role in this last step. 
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7. 3.  EXPLORATORY RESEARCH IN MULTI-AXIAL STRAIN 
MONITORING 
7. 3. 1.  Curing 
It is generally known that during the fabrication process of composite laminates and 
structural elements, residual stresses and strains develop because of a mismatch in 
the coefficient of thermal expansion of the reinforcing fibres and of the epoxy 
matrix. 
In this work, the MAxS-sensor was embedded in a composite laminate [±452,02,902]s 
and the author was able to visualize the separate effects of axial strain and transverse 
strain components during the autoclave curing process. Monitoring during curing 
demonstrated a clear residual strain build up during the cooling phase of the curing 
cycle. In the future, it will be a challenge to quantitatively determine temperature 
and strain during the curing process. 
7. 3. 2.  T-joint demonstrator 
A representative scale model of a T-joint structure was manufactured with 
embedded sensors in several plies of the structure. FE-simulations revealed possible 
interesting positions of the sensor when the structure is loaded in four point bending 
or with pull-off loads. Due to practical problems during curing, an inhomogeneous 
composite structure was obtained. This made it difficult to relate the measured 
strains (MAxS-sensor) with those actually present in the T-joint structure. In the 
future, similar T-joint structures could be made with embedded sensors to 
investigate the monitoring capabilities of the MAxS-sensor. A four point bending 
test will be used to completely define the interaction between sensor and host 
material. Surface mounted FBGs will be taken as reference measurements. Since a 
specific weakness of T-joints are pull-off loads, this experiment will be executed 
with special attention to monitoring damage initiation. The author believes that, 
transverse strain components play a significant role in this damage initiation, the 
sensor can become very valuable. A MAxS-sensor is most probably the only sensor 
able to directly measure the transverse strain components. 
7. 3. 3.  Micro-structured fibre Bragg gratings 
In this work, the author compared the response of FBGs written in conventional 
birefringent optical fibre and in highly birefringent micro-structured optical fibre. 
Firstly, the embedding procedure was evaluated and it was shown that it is possible 
to embed the different fibre technologies into fibre reinforced plastic without 
significantly distorting the material. Then, the sensitivity to mechanical strain of 
both types of FBG was compared. The micro-structured fibre reported here was not 
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optimized yet to feature high sensitivities to axial or transverse strain, but 
nevertheless it has already similar sensitivities as conventional birefringent fibres 
(bow-tie). The response to temperature changes shows important differences which 
could lead to the development of a MSF FBG sensor which is insensitive to 
temperature. 
It was evidenced that micro-structured fibres can be applied for monitoring the 
structural integrity of composite structures. The design flexibility of micro-
structured fibres allows the development of sensors which are sensitive to single or 
multiple strain components while being almost insensitive to temperature. This gives 
the opportunity to conduct effective in-situ full strain field mapping inside 
composite material structures. 
7. 3. 4.  Dynamic testing 
A dynamic interrogator system has been designed during the MASSFOS-project. 
The interrogator consists of two spectrometers with a 512-pixel array, one for each 
polarization mode. The system has a wavelength range of 70 nm (from 1515 to 
1585 nm) and the wavelength resolution is ~5 pm. Several preliminary experiments 
have been executed. At first, the recording of the Bragg spectrum of a HiBi FBG, by 
using respectively the ‘512 pixel array’ system and the commercial interrogation 
system (FBG scan 607), revealed a difference in Bragg peak separation of ~40 to 50 
pm. This was caused by the limited number of measurement points (512-pixel array) 
to capture the back-reflected spectrum of an FBG. A 1024-pixel array, which is 
presently being built, should improve this. 
 
A [02,902]6s and [±452,02,902]s sample with embedded MAxS-sensor were clamped 
at one side in a shaker set-up and loaded according to a swept sine from 5Hz up to 
2000Hz, (at 1g). Fast Fourier Transformation (FFT) performed on data obtained 
from the MAXs sensors and from the reference accelerometer matched very well. 
Even small wavelength shifts could be measured. 
Using the same shaker set-up, a shock load has been applied on the composite 
samples. The structural response of a [±452,02,902]s sample during a 15g shock 
loading has been examined with the MASSFOS unit. The response is clear and the 
same signal as measured with the accelerometer could be reproduced. In the future, 
the MAxS-sensor will make it possible to measure the (rather small) dynamic strains 
induced during such a test. During this shock response, an axial strain of ~110 µε 
was measured. 
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7. 4.  FUTURE RESEARCH OPPORTUNITY 
All the issues mentioned above – together with the author’s confidence that MSF 
offers great, but unexplored potential for the targeted application – have led to the 
definition of a research proposal. This proposal contains the following challenges.  
The first challenge is the modelling of the thermal and mechanical response of a 
micro-structured optical fibre. The MSF should be designed as such, that it matches 
the requirements of the multi-axial sensing concept. This concept relies on highly 
birefringent MSF in which FBGs need to be inscribed. The MSF should be made in 
such a way that its core is photosensitive and allows the inscription of Bragg 
gratings with conventional UV laser set-ups. The micro-structure should not 
compromise the writing of the grating. In addition, the birefringence in this MSF 
should exhibit almost zero temperature sensitivity in the wavelength region of 
interest, to avoid the effect of temperature changes interfering with mechanical 
strain measurements. In addition, the whole geometry should enhance the transverse 
strain transfer to the core of the optical fibre.  
A second challenge is using this MSF-model as input for determining the strain 
transfer of the host material onto the MSF sensor. A structural model should be 
built using finite elements. Carbon or glass fibre reinforced plastics can be taken as 
host material system with a silica glass MSF integrated in between two layers of the 
laminate. This multi-physical model will take into account the general geometry and 
material properties of the host material and of the MSF sensor. If necessary, the 
anisotropic nature of the MSF will be included by a predefined strain field imposed 
on the model. Based on the simulated strain and temperature distributions, the 
response of the MSF based sensor can be developed in analytical form. An adequate 
amount of test specimens should be used to validate the macro-mechanical as well 
as the micro-mechanical/photonic model.  
The concept of the newly fabricated sensors should be validated in two phases. In a 
first phase, the sensors will be embedded in small composite samples with 
particular attention paid to the fragile ingress and egress parts of the fibre leads and 
to the perturbation of the composite material. The response of the MSF sensor will 
be characterized for thermally induced stress (due to differences in thermal 
expansion coefficients) and for internal strain within the composite material induced 
by pre-defined loading on the composite sample. MSF sensor measurements should 
be compared with conventional techniques such as strain gauges, extensometers, 
surface mounted uni-axial FBGs, or embedded FBGs written in standard 
birefringent fibre (bow-tie type).  
In a second phase, small scale structural elements should be manufactured (e.g. 
guiding mechanisms of wing flaps). Realistic loading conditions, which should 
reproduce real aerodynamic loads, will be applied to these elements. An FE-model 
Chapter 7                                    Conclusions and Research Perspectives 
 
287 
of the structure, together with the measurements of the MSF sensor, will lead to 
mapping of the total strain field in the structure. 
 
  
  
 
 
  
 
